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ABSTRACT.
A mutator strain containing a Tel transposon 
disrupting the dpy-6 gene activity was used to isolate the gene. 
This strain was backcrossed to the N2 wild-type strain in order 
to reduce and stabilize the Tc 1 copy number. After six rounds of 
backcrosses, a single Tel insertion associated with the dumpy 
phenotype could be identified. This Tel insertion was located in 
a 9.5 kb EcoRI fragment, which was physically mapped, by 
hybridization to YACs and cosmids, to a region in the X  
chromosome of C. elegans were the dpy-6 gene is located. The 
Tel tagged fragment was cloned and the sequence adjacent to 
the insertion site was determined. An open reading frame 
containing 1857 bp was found, capable of encoding a protein 
with 619 amino acids. The putative protein was similar to 
m ucin-like sequences, with the presence of th irty four copies of a 
six amino acid repeat arranged in tandem near the 
carboxy-terminus. Some of the repeats were also found 
dispersed in other parts of the putative protein. The amino acid 
repeats, like in other mucin-like proteins, were rich in threonine, 
serine and proline.
Another aspect which has been investigated was the 
identification of a collagenolytic activity in C. elegans. Using 
substrate gels containing collagen, this activity was found 
associated exclusively with the cuticle material. Attempts were 
made to isolate the corresponding gene by Polymerase Chain 
Reaction using oligonucleotides specific for conserved regions 
within metalloproteases.
ABBREVIATIONS, SYMBOLS AND 
MEASUREMENT UNITS.
a-32P-dCTP 2'-deoxycytidine 5'-[a-32P]triphosphate.
a -35S-dATP 2'-deoxyadenosine 5'-[a-35S]triphosphate.
B-ME S-mercaptoethanol.
y-32P-ATP adenosine 5'-[y-32P]triphosphate.
A adenine.
A260 absorbance (measured at 260 nm).
amp ampicillin.
bp base pair.
BSA bovine serum albumin.
C cytosine.
cDNA complementary DNA.
Ci Curie.
CIP calf intestinal phosphatase.
dATP 2'-deoxyadenosine-5'-triphosphate.
dCTP 2' - deoxycytidine- 5' - triphosphate.
dGTP 2'-deoxyguanosine-5'-triphosphate.
DNA deoxyribonucleic acid.
DNAase deoxyribonuclease.
DTT dithiothreitol.
dTTP thymidine-5'-triphosphate.
EDTA diaminoethanetetra-acetic acid (disodium salt).
EMS ethyl methanesulphonate.
G guanine.
HEPES N - [ 2 -hydroxyethyl ]piperazine-N' - [ 2 - ethanesulfonic
acid].
HSD herring sperm DNA.
I inosine.
IPTG isopropyl 13-D-thiogalactopyranoside.
kb kilobase. 1 kb is equivalent to 1000 bp.
kDa kiloDalton.
krpm rotations per minute multiplied by 1000.
OD optical density.
ORF open reading frame.
PAGE polyacrylamide gel electrophoresis.
PCR polymerase chain reaction.
PEG polyethylene glycol,
pfu plaque forming unit.
RNAase ribonuclease.
rpm rotations per minute.
SDS sodium dodecyl sulphate.
ssDNA single stranded DNA.
T thymine.
tet tetracycline.
tetR resistance to tetracycline.
TEMED N, N , N N ' - tetramethyl- ethylenediamine.
Tris 2-amino-2-(hidroxymethyl)-1,3-propandiol.
UV ultra-violet radiation.
V  volt.
W watt.
X-Gal 5-bromo-4-chloro-3-indolyl-B-D-
galactopyran os ide.
YAC Yeast Artificial Chromosome.
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1. INTRODUCTION.
1.1. The nematode Caenorhabditis elegans and its use as 
a model for parasitic nematodes.
C. elegans Is a small (1.5 mm long) free-living 
nematode found in the soil of many parts of the world. It  has two 
sexes, hermaphrodites and males. The hermaphrodites, which 
are chromosomally XX, produce oocytes and sperm, being 
capable of reproducing by self-fertilization. Males arise 
spontaneously at veiy low frequencies (less than 0.5%) and, 
since they are XO, it probably is the result of spontaneous X  
chromosome loss (Hodgkin eta l., 1979). The males are capable 
of fertilizing hermaphrodites to yield a progeny containing equal 
numbers of males and hermaphrodites. Hermaphrodites cannot 
fertilize each other.
Like other nematodes, C. elegans develops through five 
post-embryonic stages. After the oocytes are fertilized, either by 
the hermaphrodite's own sperm or by male sperm, the embryo 
develops inside an egg held in the uterus for the first few 
cleavages, which after approximately 3 hours is laid through the 
vulva. Approximately 14 hours after fertilization, the first-stage 
larva (L I) hatches from the egg. Then, development proceeds 
through three additional larval stages (L2, L3 and L4) before the 
animal reaches the adult stage, approximately 50 hours after 
fertilization (at 25°C). The four larval stages are punctuated by 
moults, when a new cuticle is synthesized and the old cuticle is 
shed.
Although the different members of the Phylum
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Nematoda can have very diverse habitats and life-styles, some of 
them adapted to parasitism and others free-living, they all share 
several common morphological and anatomical features. 
Anatomically, nematodes are comprised of two concentric tubes: 
an internal tube, the intestine; and an external tube, the cuticle, 
hypodermis, muscle and nervous system. Separating both is the 
pseudocoelomic space, which also contains the gonad in the 
adults (Wood, 1988). This sim ilarity is also extensive to the 
cuticle structure, with almost all nematodes displaying the same 
layered organization (Wright, 1987).
According to Wood (1988) "C. elegans is now probably 
the most completely understood metazoan in terms of anatomy, 
genetics, development, and behavior". From a perspective 
focusing on molecular biology, the availability of a detailed 
genetic map and a physical map, the latter represented by an 
ordered sets of cosmids and YACs (Yeast Artificial 
Chromosomes)(Coulson etaL, 1986, 1988), and tools like 
transposon tagging (Moerman et aL, 1986) and the generation of 
transgenic animals by transformation (Fire, 1986), makes 
C. elegans an incomparable system in which to address 
questions about nematode biology which can be directly relevant 
to parasitic nematodes.
More recently Sulston et al. (1992) have initiated a 
project aiming at sequencing the entire genome of C. elegans. 
Also, cDNAs have been sequenced, identifying about 1200 of the 
estimated 15000 genes present in C. elegans, more than 30% of 
them with significant sim ilarity with previously identified genes 
from other organisms (Waterston eta l., 1992).
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1.2. The C. elegans cuticle.
The cuticle of C. elegans is an extracellular 
proteinaceous structure that encloses the animal, covering the 
external surfaces of all hypodermal cells and also the pharynx 
and rectum. It is thought to serve two basic functions, both as 
an exoskeleton to oppose the muscles and generate force for 
locomotion, and as a barrier to protect the animal from its 
environment. The entire cuticle is shed four times during the 
animal development and a new cuticle is synthesized at each 
moult.
The cuticle is synthesized and secreted by the 
underlying layer of hypodermal cells. Many of these cells are 
multinucleate, arising by cell fusion during development. The 
largest, hyp-7, extends most of the length of the body. The 
hypodermal cells of C. elegans can be grouped into four main 
categories: the main body syncytium (hyp-7), seam cells, the 
hypodermal cells of the head and tail, and the interfacial 
hypodermal cells (White, 1988).
The main body syncytium is present at hatching and at 
this stage is composed of 23 nuclei, making up only the dorsal 
hypodermis. The ventral hypodermis is composed of 12 blast 
cells which divide later during development, and some of their 
daughters fuse to the hypodermal syncytium. This syncytium  
then replaces the blast cells on the ventral side. The main body 
syncytium is also joined by other cells derived from divisions of 
the seam cells. A total of 110 cells fuse and join the main 
hypodermal syncytium during post-embryonic development 
(Sulston and Horvitz, 1977).
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The seam cells are organised as rows of ten cells 
running along each lateral line of a newly hatched L I larva. With 
the exception of the most anterior, they are blast cells, dividing 
and contributing to the set of cells added during post-embryonic 
development. In the adult the seam cells fuse to form two seam 
syncytia, which remain separate from the main body syncytia. 
Seam cells are responsible for the production of the alae, which 
are specialized cuticle structures (longitudinal thickenings) that 
run along the lateral sides of the animal (Singh and Sulston, 
1978).
The hypodermal cells of the head and tail are quite 
diverse and have been classified together based solely on their 
positions. The hypodermis in the head is made up of a series of 
six concentric annular syncytia, hyp-1 to hyp-6. The tail is 
composed of four hypodermal cells, hyp-8 to hyp-11. These cells 
are mononucleate, with the exception of hyp-10, which is 
binucleate.
The interfacial hypodermal cells act as interfaces 
between the hypodermis and organs or structures that pierce it, 
such as the pharynx, the anus, the vulva, the excretory duct, 
and many sensory receptors. These cells are often intermediate 
in function and morphology between the adjacent structures to 
which they are connected.
The hypodermal cells also have functions other than  
secretion of the cuticle. They have phagocytic capacities and are 
responsible for the elimination of cells that undergo programmed 
cell death during development (Robertson and Thomson, 1982). 
They also function as major storage cells for lipid droplets and 
storage granules.
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The C. elegans cuticle is sim ilar in structure to the 
cuticle of other nematodes, with at least three distinct layers 
being distinguished by electron microscopy: the cortical layer, 
the median layer, and the innermost basal layer (Cox et al., 
1981b). This fits the basic layered structure proposed for most 
nematode cuticles (Wright, 1987).
Cuticles from different larval stages of C. elegans 
exhibit remarkable differences in structure and also in their 
protein content (Cox etal., 1981c). In the adult cuticle, the basal 
and cortical layers are separated by a median layer, which is 
probably filled with fluid. This median layer is crossed by 
"struts”, which are dense columns of material, representing the 
only attachment points between the basal and cortical layers.
The cortical layer can be subdivided into two distinct regions: a 
thin, dense (by electron microscopy) external cortical layer, and 
a less dense internal cortical layer. Three different regions or 
zones can be distinguished in the basal layer: a fibrillar layer, 
which is loosely organized and closer to the hypodermis; and two 
highly organized layers of fibres arranged in spiral around the 
animal in opposite directions, each at an angle of 60° to 70° 
relative to the body long axis.
C. elegans L4 larvae have a cuticle distinct from the 
adults. There is no median layer separating the basal and 
cortical layers. Nevertheless, the external and internal cortical 
layers are structurally similar. The basal layer contains two 
fibrillar layers, which could be organized forming oposite spirals 
like in the adult cuticle.
The most conspicuous characteristic of the L I cuticle 
is the presence of transverse striations in the basal layer, closer
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to the hypodermis. This striated zone appears to consist of 
intersecting sets of longitudinally and circumferentially oriented 
fibrils. Animals m utant at the sqt-3 locus have marked defects in  
the striated zone of the L I cuticle and hatch as short larvae 
(Priess and Hirsh, 1986). The cortical layer has a structure 
similar to that described for the L4 and adult cuticles.
All these changes in structure are also reflected in 
changes in protein composition. For instance, the L I larva 
cuticle has approximately double the amount of B-ME 
(J3-mercaptoethanol) insoluble proteins as that found in L4 and 
adult cuticles (Cox et al., 1981c). Cuticles of all stages are 
partially solubilized by sulfhydryl-reducing agents like 13-ME. In  
the adult cuticle the entire basal layer, the "struts" and most of 
the internal cortical layer are removed by 13-ME treatment. This 
is also true for the L4 cuticle. In the L I cuticle only the internal 
cortical layer is predominantly removed, while the external 
cortical layer and portions of the striated layer are insoluble. 
Most of these 13-ME soluble proteins are also sensitive to 
digestion with bacterial collagenase (Cox e ta l., 1981b), which 
specifically cleaves the Y-Gly bond in the Gly-X-Y repeats of the 
collagen primary structure (X and Y can be any amino acid, but 
often are either proline or hydroxyproline; Fessler and Fessler, 
1978). It has also been shown that the synthesis of cuticle 
components, both collagenous and non-collagenous, occurs at 
high levels during the moulting periods and at a much reduced 
rate during the intermoult periods (Cox et al., 1981a).
The remarkable changes in cuticle structure and 
composition occurring during C. elegans development have led 
Cox et al. ( 1981c) to suggest that they might be an evolutionary
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vestige of a parasitic ancestry, since stage-specific differences in  
cuticle morphology are common among parasitic nematodes and 
in some cases are clearly of adaptative significance to particular 
environments or hosts.
Since the most abundant proteins present in the 
cuticle are collagens, much attention has been concentrated on 
the elucidation of the structure and expression of the collagen 
genes in C. elegans. The first collagen genes identified from  
C. elegans were coM  and col-2, isolated using a chicken collagen 
cDNA probe (Kramer et al., 1982). Based on genomic Southern 
blot hybridization experiments and recombinant phage library 
screenings, using these genes as probes under low stringency 
conditions, so that cross hybridization between different collagen 
genes could occur, at least 40 and as many as 150 distinct 
collagen genes were detected (Cox etal., 1984). These collagen 
genes are not organized in tandem arrays, but are dispersed in 
the C. elegans genome.
Several other collagen genes from C. elegans have also 
been cloned (Cox et al., 1989), all with a similar, but not 
identical, structure. They are less than 1.5 kb in length, 
encoding proteins of 28 to 32 kDa. Approximately one-half of the 
protein is composed of the Gly-X-Y repeats, which contain 
several short interruptions of 2 to 21 amino acids. Most of the 
cysteine residues are found outside the repeats, but a few can be 
found within repeats. Based upon amino acid sequence 
similarities (size and position of the repeats and cysteine 
residues) the genes were placed into three families. Crosslinking 
of collagen molecules occurs prim arily at the cysteine residues, 
via disulfide bridges (Politz et al., 1986), but other non-reducible
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crosslinks were also suggested to be present (Fetterer and 
Rhoads, 1990).
The C. elegans collagen genes differ significantly from 
the structure of vertebrate fibrillar collagen genes. The 
C. elegans genes contain only one or two small introns, whereas 
the vertebrate collagen genes are interrupted by more than fifty 
introns. Also, the vertebrate genes are quite large, approximately 
50 kb, encoding proteins of 100 to 200 kDa which have 
uninterrupted Gly-X-Y repeats (Bomstein and Sage, 1980; 
Ohkubo e ta l ,  1980; Wozney e ta l., 1981; Boedtker et al., 1983).
When total RNA was analysed by Northern blot, using 
col-1 or col-2 as hybridization probes, most of the collagen bands 
detected were 1.2 to 1.4 kb in length. However, bands 
corresponding to sizes of 3 and 4 kb were also detected in much 
smaller amounts, presumably representing large, vertebrate-like 
fibrillar or basement membrane type collagens (Cox et a l., 1984).
It is likely that the majority of collagen genes in 
C. elegans are involved in cuticle formation. Collagen mRNAs are 
most abundant in the hypodermal cells (Edwards and Wood, 
1983), which secrete the cuticle, and transcripts from these 
genes are very abundant at moults, when the cuticle is 
synthesized (Cox and Hirsh, 1985).
The expression of the C. elegans collagen genes is 
regulated during development. For instance, the abundance of 
col- 1 and col-2 transcripts varies during the life cycle, and the 
expression patterns for the two genes are different. On the one 
hand, col-1 transcripts are abundant during the formation of the 
L I and dauer cuticles and at much lower levels during L4 and 
adult cuticle synthesis. On the other hand, col-2 transcripts can
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only be detected at the time when dauer cuticle synthesis is 
occurring (Kramer et al., 1985).
Cox and Hirsh (1985) analysed the temporal patterns 
of mRNA accumulation for a large number of collagen genes by 
screening recombinant phages and plasmids containing cloned 
collagen genes under high stringency conditions with 
32P-labelled cDNA preparations specific for eggs or three 
post-embryonic moults (L2s moulting into dauer larvae, dauer 
larvae moulting into L4s, and L4s - from dauers - moulting into 
adults). They found that collagen mRNA levels were regulated 
both temporally and quantitatively during C. elegans 
development, and that most of the genes studied exhibited one of 
four patterns of mRNA accumulation which correlated with  
changes in cuticle morphology and collagen protein composition 
during development. These four gene classes were: 1) class A, 
composed of genes whose mRNAs were present at various levels 
in eggs and at each of the three post-embryonic moults 
analysed; 2) class B gene mRNAs were present at each moult but 
appeared to be absent from eggs; 3) class C gene mRNAs were 
detected only at the moults entering the adult and dauer larvae 
stages; and 3) class D gene mRNAs were highly abundant in  
animals moulting into dauer larvae but were present at much 
reduced levels at subsequent moults. Generally, there was a 
progressive activation of new collagen genes during normal 
development. Cox and Hirsh (1985) proposed that once a gene is 
activated it remained active during subsequent moults, although 
its level of expression could change.
The collagen genes of some parasitic nematodes have 
also been characterized and revealed similarities to those of
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C. elegans. In Haemonchus contortus, a parasitic nematode of 
sheep, several genes and partial cDNAs encoding putative cuticle 
collagens have been isolated (Shamansky eta l., 1989). Genomic 
Southern blot analysis suggested that at least 20 collagen genes 
were present. These genes were small, less than 3 kb in length, 
and the different gene family members had related, but not 
identical primary sequences. All H. contortus genes analysed had 
a striking homology to the C. elegans subfamily of collagen genes 
represented by coM . As in C. elegans, the H. contortus collagen 
mRNAs were small, being between 1 kb and 1.2 kb. The analyses 
also suggested that, similarly to the situation in C. elegans, the 
collagen genes of H. contortus could be dispersed in the genome.
Kingston et al. (1989) cloned and characterized two 
partial sequences of collagen genes from Ascaris suum, one of 
them containing almost the entire gene and the other only the 3' 
end. Once more, these genes showed a high degree of sim ilarity 
to the C. elegans col-1 collagen gene, with almost identical size 
and positions of the Gly-X-Y domains. The location of some of 
the cysteine residues was also conserved. However, the size and 
position of introns in A. suum differed. The introns present in 
A. suum were much larger than those in C. elegans. One of the 
introns, interrupting the Gly-X-Y domain closer to the 3' end of 
the gene, was 560 bp in length. Northern blot analysis showed 
collagen mRNAs of 1.1 kb and 1.4 kb in length. Using poly(A)+ 
RNA extracted from specific tissues in dot blot experiments, it 
was possible to demonstrate that one of the genes was expressed 
exclusively in the adult body wall tissue but not in the ovarian or 
gut tissue, suggesting that it encoded a cuticular collagen.
Another class of cuticular proteins present in
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C. elegans is the cuticlins. These proteins, which were first 
described in the cuticle of Ascaris (Fujimoto and Kanaya, 1973), 
are chemically distinct from collagens and are extremely 
insoluble, even in detergents and chaotopric agents, due to 
non-reducible covalent crosslinks.
Recently, Sebastiano et al. (1991) identified a new gene 
of C. elegans encoding an insoluble component of the cuticle, 
cuticlin 1. Transcripts of this gene, which mapped to a region on 
chromosome II of C. elegans between unc-4 and sqt-1, were 
detected by Northern blot analysis only in mRNAs prepared from  
animals entering the dauer pathway. Using immunofluorescence 
to localize the product of the gene cut- 1 confirmed that it was 
restricted to the cuticle of the dauer larvae and was not found in 
the cuticle of any other stage. In the dauer larvae it formed two 
ribbons 1 to 2 jim wide running along the lateral lines 
underneath the alae, and was part of a fraction of the cuticular 
proteins that were not solubilized by SDS and 13-ME. However, 
the protein could be found in worm extracts in a soluble form 
before it was assembled in the cuticle. Once that took place, the 
protein became insoluble. The location of the protein in the 
cuticle suggested that its function could be related to the 
strengthening of the seam between the two halves of the cuticle. 
The gene was composed of four exons, 118 bp, 227 bp, 736 bp, 
and 340 bp in length, capable of encoding a predicted protein of 
423 amino acids.
Another cuticlin gene, cut-2, was expressed in all 
developmental stages of C. elegans and the predicted protein 
contained only 283 amino acids. This protein contained 12 
repeat motifs including one tyrosine residue per repeat. Four
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copies of this tyrosine-containing m otif were also found in cut-1, 
suggesting that it could be involved in the crosslinking of 
cuticlin units, through dityrosine bridges. The cut-2 gene 
product was present in the external cortical layer of all stages, 
but not on the surface of the cuticle (cited in Politz and Philipp, 
1992).
1.3. Genes affecting the structure of the cuticle and body 
morphology.
Amongst the best characterized genes with 
conspicuous effects on body morphology are the dumpy genes. 
These genes were first identified using mutagenesis induced by 
EMS (ethyl methanesulphonate), and were mapped to all 
chromosomes of C. elegans (Brenner, 1974). Dumpy animals are 
shorter than the wild-type, but with the same diameter, giving 
the animal a "fat", chunky appearance. Currently, 28 different 
dumpy genes have been identified (Wood, 1988).
The first dumpy gene from C. elegans to be cloned and 
characterized was the dpy- 13 gene (von Mende et al., 1988). The 
gene was isolated by transposon tagging, from a m utator strain 
with a high frequency of Tel transposition. Sequencing revealed 
that the dpy- 13 gene encoded a collagen protein. The dpy- 13 
gene contained four domains potentially encoding Gly-X-Y  
repeats. Comparison with other collagen sequences revealed a 
great sim ilarity to the collagen genes col- 1 and col-2, not only in 
the size and location of the repeats but also in the flanking 
sequences corresponding to the amino and carboxy term ini of
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the protein. The location of some cysteine residues were also 
conserved, dpy- 13 is interrupted by two short introns of 58 bp 
and 50 bp, respectively. Apparently, because this gene yields a 
m utant phenotype when mutated singly, its function is not 
replaced by other collagens of related structure, and it might 
have a unique function within the collagen gene family.
Another dumpy gene from C. elegans, dpy-7, has been 
cloned. Using the collagen gene col- 1 as a probe to screen the 
DNA prepared from YACs spanning the region of the X  
chromosome were dpy-7 had previously been mapped, 
Johnstone etal. (1992) identified a homologous collagen 
sequence. The dpy-7 gene was structurally similar to other 
C. elegans collagen genes. However, it did not conform to any of 
the previously described family of collagen genes, as defined by 
the structure of Gly-X-Y repeats and location of cysteine 
residues (Cox et a l., 1989). Four EMS-induced m utant alleles of 
dpy-7 were also analysed and all of them contained G to A 
transitions affecting glycine residues within the Gly-X-Y repeats, 
resulting in glycine to arginine substitutions in three of them  
and a glycine to aspartate substitution in another allele 
analysed. These findings indicated that changes in the glycine 
residues present in the repeats were disruptive to the 
assembling of the triple helix structure of collagen.
Two other dumpy genes from C. elegans, dpy-2 and 
dpy-10, have recently been cloned (Levy eta l., 1993). Mutations 
in these genes have previously been demonstrated to cause a 
variety of phenotypes, among them animals with dumpy, left 
roller (animals twisted in a left-handed helix, which rotate 
around their long axis and tend to move in circles), and
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dum py/left roller phenotypes (Brenner, 1974; Cox e ta l.,  1985; 
Kush and Edgar, 1986). The dpy-2 and dpy- 10 genes, which 
encoded collagens, were only 3.5 kb apart and their encoded 
proteins had a high degree of similarity, with identical patterns 
of conserved cysteines, indicative that these genes were the 
result of a gene duplication event. Despite the overall sim ilarity 
to other C. elegans collagen genes, they probably represented a 
novel subfamily. Even though both genes had a high degree of 
similarity, they did not appear to be functionally redundant, 
since a dpy- 10 null m utant was not rescued by the dpy-2 gene. 
The nucleotide sequence of several mutants was determined in 
order to establish the nature of the molecular defects causing 
the morphological phenotypes. It was found that different glycine 
substitutions within the Gly-X-Y repeats were responsible for the 
dumpy, dum py/left roller, or temperature-sensitive dum py/left 
roller phenotypes. In one temperature-sensitive dum py/left 
roller allele of dpy- 10 an arginine to cysteine substitution was 
found, outside the Gly-X-Y repeats, closer to the amino-terminus 
of the protein. Another dpy- 10 allele, causing a dum py/left roller 
phenotype, had a non-sense codon near the end of the Gly-X-Y 
region, suggesting that this was the null phenotype for the gene.
Another C. elegans gene which can be mutated to 
cause a variety of morphological abnormalities is sqt- 1 (Cox et 
a l.f 1980; Kush and Edgar, 1986). Different alleles of this gene 
can produce animals with dumpy, long, right roller or left roller 
phenotypes. Using an experimental approach including physical 
mapping of chromosomal deficiencies, heterologous probing of 
cosmids with a col-2 probe and Tel transposon tagging, the 
sqt- 1 gene has been cloned and determined to encode a collagen
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polypeptide (Kramer etal., 1988). Structurally, the sqt-1 gene is 
veiy similar to other C. elegans collagen genes. An interesting 
finding about sqt-1 was that the null phenotype of the gene was 
essentially wild-type, suggesting that its product is non-essential 
or replaceable by another similar, though not identical, collagen. 
sqt-1 has a high number of dominant alleles, a common 
attribute of genes encoding proteins that form multimeric 
structures. This suggests that m utant sqt-1 products could be 
incorporated into the cuticle, disturbing its normal structure.
It has been found that sqt-1 interacts genetically with 
some other genes affecting body morphology in C. elegans, 
including dpy-10, dpy-12, rol-6 , rol-8 , and sqt- 2 (Cox eta l.,
1980; Kush and Edgar, 1986). For instance, in the interaction 
with rol-6, a recessive left roller allele of sqt-1 can function as a 
dominant suppressor of a recessive right roller allele of rol-6, so 
that an animal homozygous for rol-6 and heterozygous for sqt- 1 
has a wild-type phenotype. Two classes of rol-6 roller allele have 
been identified, recessive and semi-dominant right roller alleles. 
The semi-dominant alleles display a reduced degree of helical 
twisting in the heterozygous state. The null phenotype of rol-6, 
like that of sqt-1 , is wild-type.
The rol-6 has been cloned by Kramer et al. (1990) and 
shown to encode a collagen polypeptide. Its deduced amino acid 
sequence is more similar to the sqt-1 collagen than to any other 
C. elegans collagen sequence. It is particularly significant that 
the locations of the cysteine residues flanking the Gly-X-Y 
repeats of rol-6 and sqt-1 are identical but different from those of 
the other sequenced collagens. Also, the carboxy-terminal 
domains of both genes are identical in length, differing from all
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other collagens, suggesting they are members of a new subfamily 
of collagens. The amino acid sequence sim ilarity supports the 
notion that they may physically interact via their 
carboxy-terminal domains into heterotrimeric molecules.
Considering the high number of collagen genes in 
C. elegans and that many of them are probably involved in the 
assembly of the cuticle, it is possible that many dumpy 
phenotypes are caused by mutations in these collagen genes. 
However, not all dpy genes are likely to code for collagens. In  
principle, any gene with effect on the synthesis, processing or 
secretion of collagens or other cuticular proteins could be 
detected as a dumpy mutant.
Two dumpy genes, dpy-2l and dpy-26, are unusual in 
that despite being located on autosomes they have phenotypic 
consequences that are dependent on X chromosome dosage 
(Hodgkin, 1983). For instance, at high X chromosome to 
autosome ratio (animals 2A, 3X), these dumpy mutations are 
lethal; at intermediate ratio (animals 2A, 2X - hermaphrodites), 
they cause a dumpy phenotype or lethality; and at low ratio 
(animals 2A, IX  - males), they cause neither a dumpy phenotype 
nor lethality. It has been proposed that these genes are involved 
in an X  chromosome dosage compensation mechanism, 
operating to prevent hyper-expression of X  chromosomes in  
hermaphrodites. In males, some mechanism would block the 
function of these genes, permitting the single X  chromosome to 
be expressed normally. Mutations in two other genes, dpy-27 
and dpy-28, appeared to have similar effects to those of dpy-26, 
but with a slightly lower lethality (Hodgkin, 1988). Possibly, the 
dumpy phenotype in these cases could be an indirect effect of
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altered collagen ratios resulting from overexpression of one or 
more X-linked genes.
In summary, the C. elegans cuticle is a very complex, 
multilayered extracellular structure where the concerted 
expression and assembly of several collagen polypeptides 
interact to give its physical characteristics, w ith other 
non-collagenous proteins possibly playing a role.
1.4. Aims of the present work.
The main aim of this work is to clone and characterize 
the dpy-6 gene, isolated by Tc 1 transposon tagging in a m utator 
strain. Elucidation of the identity of this gene would contribute 
to the understanding of cuticle structure and factors 
determining morphological alterations in C. elegans.
A secondary aim is to determine whether a 
collagenolytic activity can be found associated with the cuticle 
m aterial of C. elegans and to attempt to clone the corresponding 
gene. If  such an activity can be detected and the corresponding 
gene cloned, this would be the starting point in determining 
whether enzymatic degradation of the cuticle assists in the 
moulting process.
2. MATERIALS AND METHODS
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2.1. Enzymes and reagents.
Restriction enzymes, DNA polymerase I (Klenow 
fragment), T4 DNA ligase, Taq DNA polymerase and T4 
polynucleotide kinase were purchased from GIBCO-BRL or 
Promega. CIP (Calf Intestinal Phosphatase) was purchased from 
Boehringer Mannhein GmBH.
Proteinase K, DNAase (deoxyribonuclease I, type I, 
from bovine pancreas) and RNAase (ribonuclease A, from bovine 
pancreas) were purchased from Sigma Chemical Company.
Enzymes were used with buffers supplied or 
recommended by the manufacturers, unless otherwise stated.
Reagents used were either molecular biology grade or 
of similar quality.
2.2. Bacteria, vectors and plasmids.
Bacterial strains used during this work were all 
Escherichia coli derivatives:
1) the strain OP50 (Brenner, 1974) was routinely used for 
feeding the nematodes.
2) the strain XL 1-Blue* (Bullock et al., 1987) was used as host 
for growing >^ ZAP II and pBluescript II vectors. It  allows
* genotype: recAl, endA 1, gyrA96, thi-1, hsdRll (rk-, mk+), supE44, re lA l, lac [F1,proAB, 
lacl* ZAM15, TnlO (tetR)].
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blue/w hite colour selection when used with these vectors and 
plates containing X-Gal and IPTG.
The vectors used were:
1) XZAP II (Short et al., 1988) is a phage vector prim arily devised 
for cloning cDNAs up to 10 kb in length, w ith a polylinker 
containing six unique cloning sites.
2) pBluescript II (Alting-Mees and Short, 1989) is a phagemid 
vector containing 21  unique cloning sites flanked by six different 
primer sites for DNA sequencing. This plasmid has the f l  origin 
of replication, allowing rescue of ssDNA for sequencing.
3) pPD21.28 (Fire et a l., 1990) is a plasmid vector containing the 
E. coli 8 -galactosidase encoding region (the lacZ gene) preceded 
by a polylinker with seven unique cloning sites, a synthetic 
intron segment and the SV40 nuclear localization signal. This 
plasmid allows the construction of fusion proteins that can be 
expressed in C. elegans cells and their location identified by 
staining with X-Gal.
Other plasmids used were:
1) pRF4 (Kramer et al., 1990) carries a 4 kb EcoRl fragment of 
C. elegans genomic DNA containing the rol-6(sul006) collagen 
gene in the Bluescribe2 vector. Animals carrying this m utant 
collagen gene exhibit a helically twisted cuticle and body. It  was 
used as a dominant genetic marker for DNA transformation in  
C. elegans.
2) 6p6.1 (Lepage and Gache, 1990) is the pBluescript plasmid 
with a 2.5 kb EcoRI fragment containing almost the entire sea 
urchin collagenase-like hatching enzyme coding sequence.
^ Stratagene.
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3) pC el003 (Emmons and Yesner, 1984) carries a 2.65 kb 
Hindlll fragment of C. elegans DNA containing the Tc 1 
transposon cloned into pBR322. This plasmid was used for 
preparing Tel specific probes.
2.3. Nematode strains.
The Caenorhabditis elegans wild-lype Bristol strain N2 
(Brenner, 1974) was obtained from the Cambridge collection.
The strain CB14 [dpy-6(el4)l (Brenner, 1974) was obtained from  
the Caenorhabditis Genetic Center. The strain DR 1013 
[dpy-6(m445), mut-6{st702), unc-22(stl92, st527)], which is a 
m utator strain derived from Bristol/Bergerac hybrids (Moerman 
and Waterston, 1984), was a gift from P. Albert and D. Riddle, 
University of Missouri.
2.4. Growth and maintenance of C. elegans.
C. elegans was grown in small (55 mm diameter) NGM3 
plates seeded with Escherichia colt strain OP50 and kept at 20°C, 
as described by Brenner (1974). When necessary to grow large 
quantities of nematodes (as for DNA preparations), plates of 90 
mm diameter were used and bacteria added as follows. Single
^NGM contains 0.3 g% NaCl, 0.25 g% peptone, 0.5 mg% cholesterol, 1 mM CaCl2> 1 mM 
MgS04, 25 mM potassium phosphate (pH 6) and 1.7g% agar (or agarose, when used for DNA 
preparations).
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colonies of OP50 were inoculated into 400 ml of L-broth4 and 
incubated at 37°C for 14-16 h, after which the bacteria were 
harvested by centrifugation and resuspended in 10-20 ml of M9 
buffer5. Approximately 1-2 ml from this bacterial suspension 
were added to each worm-containing plate every 2-3 days and 
plates incubated for as long as 2  weeks, when almost all bacteria 
had been consumed.
2.5. Genetic methods.
2.5.1. Self-fertilization.
In order to isolate progeny derived from a single worm, 
an L4 hermaphrodite was transferred to a seeded NGM plate and 
incubated at 20°C. Since hermaphrodites before the adult phase 
are incapable of mating, all the progeny arising from this 
nematode did so from self-fertilization.
2.5.2. Crossing.
Crossings were done by transferring a single L4 
hermaphrodite together with 10-15 L4 males to a small NGM 
plate, followed by incubation at 20°C for 2-3 days. Under these 
conditions most of the animals were produced by self­
^L-broth contains 1% tryptone, 0.5% yeast extract, 0.5% NaCl; pH 7.2
5 M9 buffer contains 0.3 g% KH2P04 ,0.6 g% Na2HP04, 0.5 g% NaCl, 1 mM MgS04.
35
fertilization and genetic markers, when necessary, were used in 
order to distinguish between self-progeny and animals resulting 
from crossing.
2.6. Extraction and purification of C. elegans DNA.
Nematodes were grown in 5 large (90 mm diameter) 
NGM-agarose plates and harvested by washing each plate with 5 
ml of M9 medium. The nematode suspension was transferred to 
a 50 ml Falcon tube, centrifuged5 and the supernatant 
discarded. Nematodes were then resuspended in 30 ml of M9 
and the last procedure repeated twice.
DNA was extracted essentially as described by Sulston 
and Hodgkin (1988). Nematodes were resuspended in 20 ml of 
lysis buffer7 and incubated at 50°C for 2 h with occasional, 
gentle mixing. Samples were then extracted with phenol (15 
minutes on a roller at minimum speed), centrifuged5, the 
aqueous phase was removed and the extraction repeated with  
chloroform. DNA was precipitated by adding 30 ml of ethanol, 
spooled in a glass rod, washed in 70% ethanol, air-dried and 
resuspended in 1 ml of TE5.
5 3.5 krpm for 15 minutes (4°C), rotor TH-4, TJ-6 Beckman centrifuge.
7 lysis buffer contains 100 mM NaCl, 100 mM Tris-Cl (pH 8), 50 mM EDTA, 1% SDS, 1% 
B-ME, 100 pg/ml proteinase K.
5 10 krpm for 15 minutes (4°C), rotor JA-20, J2-21 Beckman centrifuge.
5 TE contains 10 mM Tris-Cl, 1 mM EDTA; pH 8.
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DNA was further purified by centrifugation in a 
CsCl/ethidium  bromide density gradient. Samples were diluted 
down to 8  ml with TE, 8  g of CsCl and 800 jd of ethidium  
bromide (1 0  m g/m l) were added, samples loaded in a 
QuickSeal™  tube and centrifuged at 40 krpm for 65 h (20°C)*°. 
The band of chromosomal DNA was collected with a syringe 
fitted with a wide-bore needle and extracted three to four times 
with 1 volume of 1-butanol. CsCl was removed by centrifugation 
in a Centricon-30 microconcentrator (Amicon), samples 
resuspended in 1 ml TE (plus 0.1 M NaCl) and DNA precipitated 
with 2 volumes of ethanol. Finally, samples were centrifuged 
the supernatant discarded and the DNA was resuspended in 100 
lil TE.
2.7. Purification of phage lambda DNA.
Phage lambda was prepared by infecting the 
appropriate E. coli host in liquid culture. A single bacterial 
colony was inoculated into 3 ml of L-broth (supplemented with 
10 mM MgSC>4 , 0.2% maltose) and incubated at 37°C for 14-16 
h. A 2 ml sample was withdrawn, inoculated into 200 ml of 
L-broth (in a 1 1 flask) and incubated at 37°C, with vigorous 
agitation, until the culture reached mid-log phase 
(approximately 2 h). The cultures were then inoculated with  
l-5 x l0 9 pfu of phage lambda and incubation continued for
10 rotor Ti50.1, L8-55 Beckman ultracentrifuge, slow deceleration.
1115 krpm for 15 minutes, Heraeus Biofuge 15 centrifuge.
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5-6 h. 10 ml of chloroform were added and the culture was 
Incubated at 37°C with vigorous shaking for 15 minutes. The 
culture was then transferred to a large (250 ml) centrifuge flask 
(avoiding carrying over any chloroform) and treated with DNAase 
and RNAase (final concentrations of 1 pg/m l) for 30 minutes at 
room temperature. Solid NaCl was added (1 M final 
concentration), completely dissolved and samples incubated on 
ice for 1 h. Any cell debris were cleared by centrifugation at 10 
krpm for 10 minutes (4°C)12. In order to precipitate the phage 
particles, PEG-8000 was dissolved to a final concentration of 
1 0% (w/v) followed by incubation on ice for another 1 h. 
Precipitated phage particles were collected by centrifugation at 
10 krpm for 15 minutes (4°C) and resuspended in 2 m l of SM 
buffer*3.
Phage were purified in a CsCl step gradient as 
described by Thomas and Davis (1975). The step gradients were 
prepared in 5 ml tubes14 by carefully layering 1 ml of CsCl 
solutions*5 of decreasing densities (1.6, 1.5, 1.4 and 1.3 g /m l, 
from bottom to top). The phage suspension was then layered on 
the top and the tubes were centrifuged at 35 krpm for 1 h at 
4°C*5. A white band of phage could then be visualized in the
*  ^rotor JA-14, J2-21 Beckman centrifuge.
*3 SM buffer contains 100 mM NaCl, 8.1 mM MgSO^ 50 mM Tris-Cl (pH 7.5), 0.01% 
gelatin.
*  ^Beckman, Ultra-Clear™.
*5 dissolved in 10 mM Tris-Cl (pH 7.5), 10 mM MgS04.
*5 rotor SW50.1, L8-55 Beckman ultracentrifuge.
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interface between the 1.4 and 1.5 solutions and collected with a 
capillary tube or Pasteur pipette. CsCl was removed by 
centrifugation through a Centricon-30 microconcentrator. Phage 
were resuspended in 500 pi of SM buffer and treated with  
EDTA/proteinase K /SD S*7at 56°C for 1 h. The samples were 
then extracted successively with phenol, phenol/chloroform ( 1:1) 
and chloroform. DNA was precipitated by adding NaCl, to a final 
concentration of 0.1 M, and 2 volumes of ethanol, collected by 
centrifugation and resuspended in 100 pi TE.
2.8. Preparation of plasmid and cosmid DNA.
Plasmid and cosmid DNA were purified by a 
modification of the alkaline-lysis method described by Bimboim  
and Doly (1979). Approximately 1.5 ml of an overnight culture 
was centrifuged*5 and all the supernatant removed with a 
capillary. The bacterial pellet was resuspended in 100 pi of 
solution I 19 and incubated for 5 minutes at room temperature, 
2 0 0  pi lysis solution20 was then added and the preparations were 
incubated on ice for 5 minutes. The bulk of chromosomal DNA 
and proteins were precipitated by adding 150 pi of 3 M sodium
*7 final concentrations of 20 mM, 50 pg/ml and 0.5%, respectively.
*5 10 krpm for 5 minutes, Heraeus Biofuge 15.
solution I contains 50 mM glucose, 25 mM Tris-Cl (pH 8), 10 mM EDTA. 
20 0.2 N NaOH, 1% SDS; freshly made.
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acetate (pH 5.2)21 followed by centrifugation22. The supernatant 
was transferred to a clean Eppendorf tube, treated with 
RNAase22 and DNA precipitated with 0.6 volumes of isopropanol. 
Finally, DNA was collected by centrifugation and resuspended in 
20-100 u lo fT E .
The same method was used for the preparation of 
larger quantities of DNA, scaled up for starting cultures of up to 
45 ml. The only difference was additional extractions with  
phenol and phenol/chloroform ( 1 :1) immediately before the 
isopropanol precipitation.
2.9. Synthesis and purification of oligonucleotides.
Oligonucleotides were synthesized in a PCR-mate 
(Applied Biosystems 391 DNA synthesizer) using Cruachem  
reagents. After synthesis was completed, the m atrix was 
removed from the column and dissolved in 1 ml 1 0 0 % 
ammonium hydroxide and incubated for 2  h at room 
temperature. The m atrix was sedimented by centrifugation24 and 
the supernatant transferred to clean screw-cap Eppendorf tubes. 
A total of 2 ml ammonium hydroxide was added and the samples 
were incubated overnight at 55°C.
2* pH 4.8 when used for cosmid preparations.
2215 krpm for 15 minutes, Heraeus Biofuge 15.
22 50 ng/ml final concentration, for 30 minutes at 37°C.
24 15 krpm for 5 minutes, Heraeus Biofuge 15.
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Oligonucleotides were precipitated by adding 1 /10  
volume 5 M ammonium acetate and 2.5 volumes of ethanol and 
recovered by centrifugation25. Following this, the supernatant 
was discarded and the DNA pellet dried and resuspended in 
200 TE.
Concentration was estimated by measuring A260 1x1 a 
spectrophotometer25 and using the extinction coefficients given 
by Sambrook et al. (1989).
2.10. Gel electrophoresis of DNA.
DNA fragments were separated by agarose gel 
electrophoresis using TBE buffer27. Different agarose 
concentrations were used, ranging from 0.4% to 2%, depending 
on the fragment sizes to be resolved. The electrophoresis system 
used was the horizontal with gel submerged in buffer, essentially 
as described in Sambrook et al (1989). 1 /10  volume sample 
buffer25 was added to DNA prior to loading the gel. All samples 
running in a single gel had their ionic strength corrected to the 
highest amongst the samples. When maximum resolution of 
DNA fragments was to be achieved, gels were electrophoresed by
2515 krpm for 10 minutes, Heraeus Biofuge 15.
25 Beckman, model DU-50.
27IX TBE contains 89 mM Tris-OH, 2.5 mM EDTA, 89 mM H3BO|pH 8.2. 
25 25% Ficoll™ 400000, 0 .25% bromophenol blue, 0.25% xylene cyanol.
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applying voltage gradients of 2 V /cm 25 (corresponding to a 
running time of 14-18 h). Otherwise, gels were routinely run  
using voltage gradients of 10 V /cm  (running time of 
approximately 1 h). Gels were stained in ethidium bromide to a 
final concentration of 0.5 ng/m l (Sharp et al., 1973) and 
photographed under UV transillumination, using a Polaroid 
MP-4 Land camera (type 667 film).
DNA fragment sizes were estimated from these 
photographs using a computer programme based on the Schaffer 
and Sederoff (1981) algorithm. Molecular weight standards used 
were phage Lambda DNA HindlU digested [X/HlndlU), phage 
O X-174 DNA H aelll digested (OX- 174/H aeIII) or a 1 kb ladder50.
2.11. Isolation and purification of DNA fragments 
separated by agarose gel electrophoresis.
After digestion with the appropriate restriction 
enzymes DNA fragments were separated by electrophoresis in 
LMP-agarose5* gels which were then stained with ethidium  
bromide and viewed under long-UV (300 nm) transillumination. 
The relevant bands were excised from the gel, then the agarose 
was melted at 65°C for 10-15 minutes and diluted with 5 
volumes of 20 mM Tris-Cl (pH 8 ), 1 mM EDTA. Agarose was
50 in relation to gel length.
50GIBCO-BRL.
low melting point agarose (GIBCO-BRL).
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removed by successive extractions with phenol and 
phenol/chloroform (1:1) and DNA was precipitated by adding 
1 /3  volume of 10 M ammonium acetate and 2 volumes of 
ethanol. DNA was collected by centrifugation52 and resuspended 
in 50-200 nl of TE.
Alternatively, DNA fragments were recovered from 
conventional agarose gels using the freeze-squeeze method 
(Tautz and Renz, 1983).
2.12. DNA blotting.
DNA was transferred from agarose gels to nylon 
membranes55 using the technique described by Southern (1975).
Immediately after electrophoresis, the gel was 
immersed in denaturing solution54 for 30 minutes at room 
temperature with agitation on a rocking platform. The 
denaturing solution was discarded and the gel was immersed in 
neutralizing solution55 for 45 minutes. The gel was then placed 
on wetted 3 MM paper mounted in a receptacle containing 20X  
SSC55. A nylon membrane was placed on top of the gel and two 
layers of 3 MM paper over the membrane. Several paper towels
5210 krpm for 15 minutes, rotor JA-20, J2-21 Beckman centrifuge.
^Hybond-N, Amersham.
^denaturing solution contains 1.5 M NaCl, 0.5 M NaOH.
^neutralizing solution contains 1.5 M NaCl, 0.5 M Tris-Cl; pH 7.
55IX SSC contains 150 mM NaCl, 15 mM tri-sodium citrate.
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were stacked over this assembly and capillary transfer allowed to 
proceed for 14-16 h, after which the nylon membrane was baked 
at 80°C for 2 h.
2.13. End-labelling of oligonucleotides.
Synthetic oligonucleotides were labelled at their 5' 
term ini in reactions containing 3 pmol of the required 
oligonucleotide, 50 mM Tris-Cl (pH 7.6), 10 mM MgCl2, 5 mM 
DTT, 0.1 mM spermidine HC1, 0.1 mM EDTA (pH 8 ), 140 pCi 
Y_32p_ATP (6000 Ci/mmole) and 10 U of T4 polynucleotide 
kinase, in a final volume of 20 pi. Reactions were incubated at 
37°C for 45 minutes and then heat inactivated at 6 8 °C for 10 
minutes. Samples were diluted with 73 pi H20  and precipitated 
by the addition of 107 pi 7.5 M ammonium acetate and 500 pi 
ethanol. Finally, samples were incubated at -20°C for 1-2 h and 
oligonucleotides recovered by centrifugation37 and resuspended 
in 100 pi TE.
2.14. DNA labelling.
DNA was labelled by the random priming technique 
(Feinberg and Vogelstein, 1983, 1984) using a -32P-dCTP.
Labelling reactions contained 10-50 ng of DNA, 60 mM 
Tris-Cl (pH 8 ), 6  mM MgCl2, 12.5 mM 6 -ME, 24 pM dGTP, 24 pM
3 7 15 krpm for 30 minutes (4°C), Heraeus Biofuge 15.
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dATP, 24 \iU  dTTP, 0.25 M HEPES (pH 6 .6 ), 6.7 OD un its /m l 
random hexadeoxyribonucleotides (Pharmacia), 0.5 m g/m l BSA, 
30 pCi a -32P-dCTP (3000 Ci/mmole) and 1-2 units of Klenow 
DNA polymerase, in a final volume of 40 \d. Firstly, DNA samples 
were denatured by boiling for 5 minutes in a water bath and 
then they were cooled rapidly on ice. After adding the other 
components, reactions were incubated at room temperature for 
4-16 h. Incorporation under these conditions was higher than 
70%.
Alternatively, DNA was labelled using Stratagene 
Prim e-It™  II random primer k it35, with incorporation routinely 
being in excess of 90% of the added label.
Labelled DNA was separated from free nucleotides by 
chromatography through a Sephadex G-50 column35, collecting 
fractions of approximately 500 \d in TE.
Probes were denatured by boiling for 5 minutes in a 
water bath followed by incubation for 5-10 minutes on ice 
immediately before adding to the hybridization solution.
2.15. Hybridization of labelled probes to DNA 
immobilized on nylon membranes.
Blotted nylon membranes were pre-hybridized inside a 
glass tube with 50-100 ml (depending on membrane size) of a
35 catalogue number 300385.
35Nick-column, Pharmacia.
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solution containing 6 X SSC, 5X Denhardt's solution40, 0.5% SDS 
and 100 fig/m l denatured HSD. Pre-hybridization was carried 
out for 2-4 h at 65°C during rotation in an incubator4*.
The pre-hybridization solution was discarded and 
replaced with 2-5 ml of hybridization solution42 and incubated at 
65°C for 14-16 h.
The membranes were then washed twice in 50 m l of a 
solution containing 2X SSC and 0.5% SDS for 15 minutes at 
room temperature, followed by a final wash in 50 ml of a 
solution containing 0. IX  SSC and 0.5% SDS for 30 minutes at 
65°C (repeated twice).
While still moist, the membranes were wrapped in cling 
film and the hybridization bands were detected by 
autoradiography. A sheet of film (Kodak X-Om at K or Fuji RX) 
was placed in contact with the membrane for a variable amount 
of time (from 30 minutes to 3 days) at -70°C and the film  
developed according to the manufacturer's recommendations.
2.16. Dephosphorylation of DNA.
For some applications vector DNA was 
dephosphoiylated prior to ligation to the insert DNA by
40IX Denhardt's solution contains 0.02% Ficoll™ 400000, 0.02% polyvinylpyrrolidone, 
0.02% BSA (Denhardt, 1966).
4* Bachofer.
42 6X SSC, 5X Denhardt's solution, 0.5% SDS, 100 pg/ml denatured HSD and 0.5 ml to 1 ml 
of the labelled probe.
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treatment with calf intestinal phosphatase (CIP).
Dephosphoiylation was performed in 10 pil reactions 
containing 1 mM ZnCl2, 1 mM MgCl2 and 10 mM Tris-Cl 
(pH 8.3). Variable amounts of CIP were used, ranging from 0.01 
U/pm ol for protruding 5' termini to 0.5 U /pm ol for blunt 
term ini. Reactions involving protruding term ini were incubated 
at 37°C for 30 minutes. Reactions with blunt term ini were 
incubated at 37°C for 15 minutes, another aliquot of CIP was 
added (containing the same amount as before) and incubation 
allowed to proceed for 45 minutes at 55°C. The enzyme was 
inactivated by adding EDTA to a final concentration of 5 mM 
followed by incubation at 75°C for 10 minutes and successive 
extractions with phenol and phenol/chloroform. Finally, DNA 
was precipitated with ethanol, collected by centrifugation43 and 
resuspended in TE.
2.17. DNA ligation.
DNA was ligated in reactions containing 20 mM Tris-Cl 
(pH 7.6), 5 mM MgCl2, 5 mM DTT, 50 ng/m l BSA (fraction V), 1 
mM ATP and 1-3 U of T4 DNA ligase, with volumes varying from 
5 to 10 jrl. Variable amounts of vector and insert DNA were used, 
depending on the optimum ratio and concentration necessary. 
Reactions were incubated overnight at 16°C then used 
immediately for transformation or in vitro packaging.
4 3 15 krpm for 15 minutes, Heraeus Biofuge 15.
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2.18. In vitro packaging of phage DNA.
Phage lambda DNA was packaged In vitro using 
Stratagene Gigapack II packaging extracts (Kretz et al., 1989)44 
and following the protocols suggested by the manufacturer.
Essentially, the packaging extracts (prepared by 
ultra-sonic disruption and freezing-thawing) were thawed on ice, 
the ligated DNA was mixed in and the samples were incubated at 
room temperature for 2 hours. The titre was determined by 
plating serial dilutions of the packaged DNA.
2.19. Identification of phage carrying specific sequences.
Phage containing specific DNA sequences were 
detected by plaque lifts as described by Benton and Davis 
(1977).
Phage were plated in L-agar45 at densities of up to 
15000 per plate (90 mm diameter) and the plates were incubated 
at 37°C overnight. They were then incubated at 4°C for at least 
30 minutes to harden the top-agar and circular Hybond-N 
membranes (82 mm diameter) were placed onto them for 30 
seconds. The membranes were then transferred (DNA side up) to 
a Petri dish containing denaturing solution (see footnote 34) and 
floated on this solution for 5 minutes. Membranes were then 
transferred to another Petri dish containing neutralizing solution
44 catalogue number 200214.
4^L-agar contains 1% tryptone, 0.5% yeast extract, 0.5% NaCl, 1.7% agar; pH 7.2.
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(see footnote 35) and floated for 5 minutes followed by a rapid 
wash in 2X SSC. The membranes were then air-dried for 30 
minutes followed by incubation at 80°C for 2 h.
The conditions used for hybridizing probes to DNA on 
the membranes were identical to those previously described for 
Southern blotting.
Plaques corresponding to positive signals were picked 
with a Pasteur pipette, transferred to a tube containing 1 ml of 
SM buffer and incubated at 4°C overnight. Eluted phage were 
then plated at lower densities (less than 2 0 0  per plate) and 
rescreened using these same procedures. Individual, well 
isolated plaques were picked and eluted in 1 ml of SM buffer.
2.20. Bacterial transformation.
Transformation was performed using Stratagene 
Epicurian Coli XL 1-Blue competent cells46 and protocols. Briefly, 
competent cell were thawed on ice, the DNA was mixed and the 
samples heat-shocked. After incubation for 1 hour at 37°C, the 
cells were plated in L-agar plates containing the appropriate 
antibiotic (together with X-Gal and IPTG, when colour selection 
was necessary).
46 catalogue number 200236.
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2.21. Colony hybridization.
Identification of bacterial colonies carrying specific 
sequences was based on the technique described by Grunstein 
and Hogness (1975), with a few modifications.
Individual colonies were transferred simultaneously, 
using sterile tooth-picks, to a Hybond-N membrane placed on 
the surface of an L-agar plate and to a replica plate containing 
the appropriate antibiotic. The replica plate was incubated at 
37°C overnight and then kept at 4°C for subsequent use while 
the plate containing the nylon membrane was incubated at 37°C 
for 4 h. The membrane was removed and placed (colony side up) 
in a Petri dish containing 10% SDS, for 3 minutes. The 
membrane was then subsequently transferred to Petri dishes 
containing denaturing and neutralizing solutions (see footnotes 
34 and 35) for 5 minutes, followed by a quick wash in 2X SSC. 
Membranes were air-dried for 30 minutes and incubated at 80°C 
for 2  h in an oven.
Conditions used for hybridizing probes to DNA on the 
membranes were the same as previously described for Southern 
blotting.
2.22. Polymerase Chain Reaction (PCR).
DNA was amplified by PCR essentially as described in 
Innis e ta l. (1990). The reactions contained 50 mM KC1, 10 mM 
Tris-HCl (pH 9), 0.1% Triton X-100, 2.5 mM MgCl2, 200 \iM 
dATP, 200 nM dCTP, 200 \iM dGTP, 200 \iM dTTP, 0.8 each
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primer, 10 aM to 10 fM target DNA and 2.5 U Taq polymerase, In 
a final volume of 25 |xl. The reactions were layered with a drop of 
mineral oil and transferred to a thermal cycler47.
Cycling parameters varied according to the target DNA 
to be amplified and can be summarized as follows:
1) initial denaturation, at 94°C for 4-5 minutes;
2) consecutive cycles of annealing (35-60°C, for 30-60 seconds), 
primer extension (72°C, for 1-5 minutes) and denaturation (94°C, 
for 30-60 seconds), repeated 30-35 times;
3) a final cycle of annealing (35-60°C, for 1-2 minutes) and 
primer extension (72°C, 5-10 minutes).
Whenever formation of non-specific products was a 
problem, the "touchdown" PCR technique was used (Don e ta l ., 
1991). Basically, in this modification of the PCR technique the 
annealing temperature is successively reduced by 1-2°C every 
cycle of denaturation-annealing-extension. The higher 
temperatures used during the initial cycles ensure reduced 
spurious priming during gene amplification.
2.23. DNA sequencing.
DNA was sequenced by the chain termination method 
(Sanger etal., 1977).
47Hybaid OmniGene.
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2.23.1. Preparation of ssDNA templates.
A single bacterial colony containing the recombinant 
plasmid was inoculated into 5 ml L-broth (containing 12 fig/m l 
tetracycline and 100 fig/m l ampicillin) and incubated at 37°C 
overnight. 3 ml from this pre-inoculum was withdrawn, 
inoculated into 30 ml of superbroth4* and incubated at 37°C for 
2 h with agitation. 30 fil of helper phage (VCSM1340, lx l0 11 
pfu/m l) was added and incubation allowed to proceed for 7 h at 
37°C with vigorous agitation. Cultures were transferred to 65°C 
for 15 minutes and bacteria removed by centrifugation50. 12 ml 
from this cleared supernatant was transferred to a clean flask 
and phage precipitated by adding 3 ml of 3.5 M ammonium  
acetate, 20% PEG-8000 solution. Samples were incubated at 
room temperature for 15 minutes, centrifuged5*, the supernatant 
removed and the pellet resuspended in 3 ml TE. Samples were 
extracted several times with phenol/chloroform ( 1:1), until no 
interface was visible, and ssDNA precipitated by adding an equal 
volume of 7.5 M ammonium acetate (pH 7.5) and 2 volumes of 
100% ethanol. DNA was collected by centrifugation52, dried in a 
vacuum desiccator and resuspended in 10 fil TE.
45 superbroth contains 3.5% Bacto-tryptone, 2% Bacto-yeast extract, 0.5% NaCl; pH 7.5. 
45 Stratagene, catalogue number 200251.
5010 krpm for 5 minutes, rotor JA-14, J2-21 Beckman centrifuge.
5* 12 krpm for 20 minutes, rotor JA-20, J2-21 Beckman centrifuge.
5 2 10 krpm for 15 minutes, rotor JA-20, J2-21 Beckman centrifuge.
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2.23.2. Sequencing reactions.
ssDNA was sequenced using T7 DNA polymerase53 
(Tabor and Richardson, 1987) and a -35S-dATP. Reagents and 
protocols were used as supplied by the manufacturer.
2.23.3. Sequencing gel electrophoresis.
Sequencing reactions were run in 6 % aciylamide, 
8  M urea gels54, polymerised by the addition of 0.1 g ammonium  
persulphate and 50 \il TEMED. Gels were cast in 30 x 40 cm 
glass plates separated by a wedge spacer (0 .4-0 .8  mm)55. Prior to 
loading the samples, gels were pre-run at 70 W for at least 1 h. 
Samples were incubated at 75-80°C for 2 minutes immediately 
before loading. Running times varied from 2 to 8  h, depending 
on the fragment sizes to be resolved. After electrophoresis, gels 
were fixed by immersing in 10% acetic acid, 10% methanol for 1 
h and transferred to the surface of a Whatman 3MM paper. Gels 
were then dried for 40 minutes in a gel diyer55 and exposed 
overnight to Hyperfilm-3MAX57 at room temperature.
53 Sequenase (version 2.0), United States Biochemical.
5415 ml 40% acrylamide/bis-acrylamide solution (19:1), 48.05 g urea, 20 ml lOx TBE, water 
to 200 ml.
55 assembled on a BRL model S2 sequencing gel kit
55 Bio-Rad, model 583.
5^Amersham.
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2.24. Computer analysis of nucleic acid and amino acid 
sequences.
Computer analysis was performed on a VAX computer 
using the GCG (Devereux eta l., 1984) or Staden (Staden, 1982, 
1984abc, 1987) programmes. Oligonucleotide primers for 
sequencing and PCR were designed using the programme Oligo 
(Rychlik and Rhoads, 1989), running on a PC-compatible 
computer. Multiple amino acid sequence alignments were 
performed using the programme Clustal (Higgins and Sharp, 
1988, 1989).
2.25. Production of transgenic nematodes.
Transgenic C. elegans was obtained by micro-injecting 
DNA into each arm of the hermaphrodite gonad, essentially as 
described by Mello et al. (1991).
DNA solutions for micro-injection contained 100 ng/m l 
pRF4 and 20 ng/m l of the transforming plasmid and were 
centrifuged55 to remove any particulate m atter immediately 
before filling the needles. Cosmids were injected at a 
concentration of 100 ng/ml (without the plasmid pRF4). Needles 
were prepared from glass capillaries55 on a pipette puller55 and
5515 krpm for 5 minutes, Heraeus Biofuge 15.
55 Clark Electromedical Instruments, item GC120TF-15.
55 Computer Controlled Electrode Puller model 763, Campden Instruments Ltd.
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loaded with DNA samples by inserting a draw-out capillary 
pipette down the wide bore of the needle and depositing the DNA 
solution just behind the tip (Fire, 1986).
Animals (large, healthy adult hermaphrodites) were 
immobilized by transferring them to a agarose pad6* and covered 
with liquid paraffin. Usually five nematodes at a time were 
aligned in a row with the ventral side facing away from the 
needle and with enough space between worms to allow the 
needle access to each animal.
Slides containing the agarose pads were mounted on 
the stage of a microscope62 equipped with differential 
interference contrast optics and the needle controlled by a 
micromanipulator63. Just prior to injection, the needle tips were 
broken open by gently touching dust particles embedded in the 
agar pad. Immediately after puncturing the worm's cuticle and 
positioning the needle inside the gonad, nitrogen pressure (2-3 
atmospheres) was applied and maintained until the entire gonad 
was filled with DNA solution. After the last animal on the agar 
pad was injected, a drop of sterile M9 buffer was applied and the 
worms transferred to a seeded NGM plate and incubated at 
20°C.
In  those injections including the plasmid pRF4, the F I
6* prepared by depositing a drop of 3% agarose on a glass slide, immediately covering with a 
coverslip and drying at 80°C for 30 minutes (Fire, 1986).
62 Olympus IMT-2, mounted on a Wentworth Labs Ltd vibration isolation table, model 
AVT-201.
63Narishige joystick hydraulic micromanipulator, model MO-202.
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transformants exhibiting roller phenotype, in groups of five, were 
transferred to seeded plates. The F2 transformants were then 
individually transferred to seeded plates and F3 progeny 
originating from the animals giving rise to the largest number of 
roller worms were maintained. Animals injected with cosmids 
(without pRF4) were simply observed for the rescue of the dumpy 
phenotype in the progeny.
2.26. Detection of chimeric (3-galactosidase expression in 
transgenic nematodes.
The histochemical staining procedure used was a 
modification of the technique described by Fire (1990) and 
further modified by Hope (1991).
Worms were transferred to a drop of distilled water on 
a glass slide and gently covered with a coverslip. Slides were 
then placed on the surface of a metal block half immersed in 
liquid Nitrogen, for 30 seconds. The coverslip was flipped off with 
a scalpel blade and the slides were placed in 1 0 0 % methanol, 
kept at -20°C, for 5 minutes. Slides were then transferred to 
100% acetone, also at -20°C, for 5 minutes and the preparation 
removed and allowed to air dry at room temperature for 5-10  
minutes. When completely dried, 100 \i\ staining solution64 was 
applied, the preparations were covered with a coverslip (avoiding 
air bubbles) and sealed to the slide with nail varnish. The slides
64 staining solution contains 0.2 M Na4P20 7 ,1 nM MgCl2, 5 inM K4Fe(CN)6, 5 mM 
K3Fe(CN)6, 0.004% SDS, 0.032% X-Gal.
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were Incubated at 37°C for a period ranging from 4 hours to 
overnight before observation on a microscope.
2.27. Preparation of C. elegans cuticle extracts.
Worms were grown in a 90 mm NGM plate until all the 
bacteria had been consumed (approximately 1 week) and 
harvested by washing the plate twice with M9. The worms were 
then centrifuged55, the supernatant was discarded and the pellet 
was resuspended in 5 ml Calcium buffer55 Finally, this last step 
was repeated and the worm-containing pellet was stored at 
-70°C.
Cuticles were isolated by a modification of the method 
described by Cox et al. ( 1981c). Frozen worms were thawed on 
ice and disrupted by sonication using 15 pulses of 2 0  seconds 
(each followed by a 20 seconds interval), in a sonicator. During 
all manipulations the cuticles were kept on ice. The cuticles were 
centrifuged57, then the supernatant was removed and 
concentrated by spin-dialysis in a Centricon-10 
microconcentrator to a final volume of 40 1^.
Two different methods were used to extract the 
collagenolytic activity associated with the cuticle material. The 
first method relied on the dissociation of the activity from the
55 3 krpm for 5 minutes (4°C), rotor TH-4, TJ-6 Beckman centrifuge.
55 Calcium buffer contains 10 mM Tris-Cl (pH 7.5), 5 mM CaCl2.
5715 krpm for 2 minutes at 4°C, Heraeus Biofuge 15.
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cuticle collagen by treatment with a high Calcium concentration 
(Harris and Vater, 1982). The pellet containing the cuticles was 
resuspended in 100 pi extraction buffer65 and incubated on ice 
for 2 h. The sample was centrifuged55 and the supernatant used 
for the enzymatic assays. In the second method, the cuticle 
pellet was resuspended in 100 pi 5% 13-ME and incubated for 15 
minutes at room temperature, followed by centrifugation as 
described above for the Calcium extracts.
2.28. Substrate gel electrophoresis.
Collagenolytic activity in cuticle extracts of C. elegans 
was assayed using a modification of the method described by 
Heussen and Dowdle (1980), with collagen being copolymerised 
in a standard SDS-PAGE (Laemmli, 1970).
Polyacrylamide gels were polymerised in the presence 
of collagen75. Boiling and reducing agents were not used, 
otherwise the procedure was that of Laemmli (1970), w ith a 
stacking gel not containing any substrate7*. Gels were prepared
55 extraction buffer contains 10 mM Tris-Cl pH 7.5, 0.1 M CaCl2, 2.5% Triton-X-100.
5515 krpm for 15 minutes at 4°C, Heraeus Biofuge 15.
75 7.5% acrylamide/bis-acrylamide (29:1), 0.1% SDS, 0.375 M Tris-CI pH 8.8, 0.1% collagen
(acid soluble, type III, Sigma). The gel was polymerised by adding 10 mg ammonium
persulphate and 5 pi TEMED.
7* 4% acrylamide/bis-acrylamide (29:1), 0.1% SDS, 0.125 M Tris-Cl pH 6.8, The gel was 
polymerised by adding 5 mg ammonium persulphate and 5 pi TEMED.
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on a Bio-Rad72 k it (0.75 mm spacer thickness). A Tris-glycine 
running buffer73 was used. Samples from the cuticle extracts (20 
pi) were diluted 1:1 in a sample buffer74 and loaded in the wells. 
Electrophoresis was carried out at 4°C, 100 V  for 30 minutes in 
the stacking gel and 200 V for 50 minutes in the resolving gel.
After electrophoresis, the gel was washed twice for 30 
minutes in assay buffer75 and incubated overnight at 37°C in 
this same buffer. The gels were then stained with Coomassie 
Brilliant Blue R250 for 3-4h and destained in 45% methanol 
with 10% acetic acid until bands of collagen degradation were 
visualized.
Substrate gels incorporating casein were also used to 
assay for substrate specificity. The protocols used were the same 
as described before for gels containing collagen, with casein 
(0.1% final concentration) instead of collagen being 
copolymerised in the gels.
72Mini-PROTEAN™ II dual slab cell.
73running buffer contains 15 g/1 Tris-OH, 72 g/1 glycine, 5 g/1 SDS, pH 8.3.
74 sample buffer contains 20% glycerin, 0.025% bromophenol blue, 125 mM Tris-Cl (pH 6.8), 
0.4% HEPES.
75assay buffer contains 50 mM Tris-Cl pH 7.4,5 mM CaCl2, 2.5% Triton-X-100.
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3. RESULTS.
3.1. Identification of a collagenolytic activity in 
C. elegans and attempts at cloning the corresponding 
gene. 
3.1.1. Detection of a collagenolytic activity in cuticle 
extracts of C. elegans.
Cuticle extracts, as well as the supernatant from 
sonicated cuticles, were assayed for collagenolytic activity using 
substrate gels. A similar procedure, or modifications of it, has 
been used successfully to identify proteases in organisms like 
Onchocerca (Lackey et al., 1989), Strongyloid.es stercoralis 
(McKerrow etal., 1990) and Schistosoma (McKerrow e ta l., 1985). 
By using this method both the number of collagenases and their 
nonreduced molecular weight can be determined 
simultaneously.
Figure 1A shows a typical result obtained when 
applying this assay to cuticle extracts of C. elegans. A band of 
collagen degradation can be detected in the Calcium extracts 
(lane 2). Although the migration behaviour of the proteins is not 
necessarily proportional to their molecular weights, the band of 
collagenolytic activity from C. elegans seems to comigrate with 
one of the bacterial activities. This activity is exclusively 
associated with the cuticle material and is not found in the 
concentrated supernatant. The C. elegans collagenase activity, 
estimated from the amount of collagen degradation, is
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comparable to the bacterial collagenase, which is lx lO -5 Units*, 
suggesting that it is present only in a very small quantity. This 
would prevent attempts to purify sufficient enzyme to determine 
amino acid sequence.
No substrate degradation is observed when Calcium  
extracts are assayed using casein gels (Figure IB ), indicating 
that the enzyme does not have a non-specific protease activity.
3.1.2. Designing of oligonucleotides for detecting 
specific sequences in metalloproteases.
As it would not be possible to obtain sufficient protein 
for determining the amino acid sequence of the putative 
C. elegans collagenase, a different approach was devised. It 
involved analysing the sequence of several metalloproteases in 
order to identify conserved sequences.
Initially, a search in the GenBank and EMBL 
databases was performed and several sequences representative 
of metalloproteases from different organisms were selected. 
These sequences were aligned using the programme Clustal 
(Figure 2). From the comparison of these sequences one can 
conclude that the overall homology among the mammalian 
sequences is high, and that several sites within the sea urchin 
collagenase are also conserved, despite the evolutionaiy 
distance. Particularly important are two sites within these
* 1 Unit liberates peptides from native collagen (type I, Sigma) equivalent in ninhydrin colour 
to 1 ^imole of L-leucine in 5 h at pH 7.4 at 37°C in the presence of Calcium ions.
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A B
Figure 1. Detection o f a co llagenolytic a c tiv ity  in  cu tic le  extracts 
o f C. elegans.
S am ples w ere electrophoresed in su b s tra te  gels con tain ing  collagen (panel A) or 
casein  (panel B) which w ere then  incubated  in assay  buffer (see M ate ria ls  an d  
M ethods) an d  sta in ed  w ith  Coomassie Blue.
1) concen tra ted  su p e rn a tan t; 2) Calcium  ex trac t from cuticles; 3) B-ME ex trac t 
from  cuticles; 4) 20 pi C lo s t r id iu m  h is to ly t ic u m  collagenase (Sigm a, type VII), 
lx lO '5 U (5 pg); 5) 20 pi C lo s tr id iu m  h is to ly t ic u m  collagenase, lx lO '6 U (0.5 pg); 
6) p ro te inase  K (Sigma, product num ber P2308), lxlO"5 U (1 ng).
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.1 0 . .2 0 . .30. .40. .50. .70. .80.
1) MKSLPII.LU.— CVAVCSAYPLD--GAARGEDTSMNLVQKYLENYYDL-
2 ) MKSLPII.T.T.T,— CVAVC&AYPLD--GAARGEDTSMNLVQKYLENYYDL-
3 ) MMHLAFLVLL— CLPVCSAYPLS--GAAKBEDSNKDLAQQYLEKYYNL-
4 ) MKGLFVLLWL— CTAVCSSYPLH--68— EEDAGMEVLQKYLENYYGL-
5) MEPLAZLVLL— CFPICSAYPLB--GAVRQDHSTMDLAQQYLEKYYHF-
6 ) MHSFPPLLLL— LFWGWSHSFP--ATLETQEQDVDLVQKYLEKYYNL-
7 ) HHSFPPLLLL— LFWGWSHSFP--ATLBTQEQDVDLVQKYLEKYYNL-
8 )--MPGLP-LLLL— LLWGVGSHGFP--AASETQEQDVEHVQKYLENYYNL-
9 ) ------LCLLGCLLSHAAAAPSPZZKFPGDVAPKTDKELAVQYLNTFYGC-
10 ) MR-LTVLCAV-CLLPGSLALPLPQ EAGGMSELQWEQAQDYLKRFYLY-
11)  ETQEQDVEZVQKYLKNYYNL-
-KKDVKQFVRRKDSGPWKKZ - 
-EKDVKQFVRRKDSGFWKKZ - 
-EKDVKQF-RRKDSKLZVKKZ - 
-EKDVKQFTKKKDSSFWKKZ - 
-RKNEKQFFKRKDSSPWKKZ- 
-KNDGRQVEKRRNSGPWEKL- 
-KNDGRQVEKRRHSGPWEKL- 
-KDDWRKZPKQRGNGLAVEKL-
-PKESCNLFVLKO------TL-
-DSETKMAN6LEA------KL-
-NSDGVPVEKKRHSGLWEKL-
12) HAMSGLZLLVMFMZHVTTVBNVPLPSTAPSZZTQLSDZTTSZZEEDAFGLTTPTTGLLTPVSENDSDDDGDDZTTZQTTTSSSQTVZSGWVEEGVHESN
...... 110...... 120...... 130...... 140...... 150...... 160.......170...... 180...... 190.......200
1 ) -----REMQKFL------------------------- OLEVTOKLDSDTLEVHRKPRCOVPDVGHFRTFPGZPKWRKTH-LTYRZVNYTPDLPKDAVDS
2 ) -----REHQKFL------------------------- OLEVTOKLDSDTLEVMRKPRCOVPDVGHFRTFPGZPKWRKTH-LTYRZVNYTPDLPKDAVDS
3 ) -----QGMQKFL------------------------- OLBVTOKLDTPTLBVMRKPRCOVPDVGHFSSFPGMPKWRKTH-LrYRZVNYTPDLPRDAVDS
4 ) -----QEMQKFL------------------------- OLKMXOKLDSNTMELMHXPRCGVPDVGGFSTFPGSPKWRKNH-ZSYRZVNYTLDLPRESVDS
5 ) -----BEHQKFL------------------------- OLBMTOKLDSHTVBHHHXPRCOVPDVGGFSTFPGSPKWRKHH—ZSYRZVHYTLPLPRESVDS
6 ) -----KQMQEFF------------------------- OLKVTOKPDAETLKVMKQPRCOVPPVAQFVLTEGNPRWBQTH-LRYRZEMYTPDLPRADVDH
7 )  KQMQEFF------------------------- OLKVTOKPDAETLKVMKQPRCgVPPVAOFVLTEGHPRWEQTH-LTYRZEMYTPPLPRADVDH
8 ) -----KQMQEFF------------------------- OLKVTOKPDAETLKMHKQPRCOVPPVAQFVLTPGNPRWBQTH-LrYRZEMYTPPLSRADTOM
9 ) -----KKMQKFF------------------------- OLPQTODLDQNTZETMRKPWCOMPPVAMYMFFPRKPKWDKMQ-ZTYRZZGYTPPLDPETVDD
10 ) -----KKMQKFF------------------------- OLPZTOHLMSRVZBZMOKPRCOVPPVAEYSLFPNSPKWTSKV-VTYRZVBYTRPLPHZTVDR
11 ) -----KQMQQFF------------------------- OLKVTOKPDAETLNVMKOPRCOVPPVAEFVLTPGMPRWEMTH-LTYRZEWYTPPLSREDVDR
12) VEILKAHLEKFGYTPPGSTFGEANLNYTSAILDFQEHGOINQTOILDADTAELLSTPRCOVPPVLPFVT— 6SZTWSRNQFVTYSFGALXSPLNQMDVKD
..... .210...... 220.......230...... 240...... 250...... 260...... 270...... 280...... 290.......300
1) AVEKALKVWEEVTPLTFSRLYEGEA-PlMZSFAVREBGPFYPFPGPGNVLAKAYAPGPGZHOPAHFPDDEQWr-------------------------
2 ) AVEKALKVWEEVTPLTFSRLYEGEA-PZMZSFAVREBGPFYPFPOPGNVLAHAYAPGPGZNOPABFPDDEQMT--------------------------
3 ) AZEKALKVNEEVTPLTFSRLYEGEA-PZMlSrAVKEEGOFYSFOOPGHSLAHAYPPGPGLYGQZBrQDDBKWT--------------------------
4 ) AZERALKVWEEVTPLTFSRZSEGEA-PZMZSFAVEEBGPFZPFPGPGMVLABAYAPGPGTNOPABFPDDBRWT--------------------------
5) AZERALKVNEEVTPLTFSRZSEGEA-PZMISFAVGEBGPFYPFPOVGQSLABAYPPGPGFYOPABFPDDBKWS--------------------------
6) AZEKAFQLWSNVTPLTFTKVSEGQA-PZMZSFVRGDBRPNSPrOOPGGNLAHAFQPGPGZGOPAHFQEDBRWT--------------------------
7) AZSKAFQLWSHVTPLTFTKVSEGQA-PZMZSFVRGDBRPNSPFPOPGGNLABAFQPGPGZGOPABFPEHBRNT--------------------------
8 ) AZEKAFQLWSHVTPLTFTKVSKGQA-PIMISFVRGDBRPNSPrPOPEGQLABAFQPGLGZGOPVHFPEDPRMT--------------------------
9) AFARAFQVWSDVTPLRFSRZHDGEA-PlMZNFGRWEBGPGYPFPOKDGLLABAFAPGTGVGOPSBrPDDBLWTLGEGQWRVKYGNAOGEYCKFPFLFNG
10 ) LVSKALNMHGKEZPLHFRKWWGTA-PIMZGrARGABGPSYPFPOPGNTLAHAFAPGTGLGOPABFPEDBRWT--------------------------
11) AZEKAFQLWSNVSPLTFTKVSEGQA-PIMZSFVRGDBRPNSPFPOPGGNLABAFQPGPGZ GGPABFPEDBRWT--------------------------
12 ) EZRRAFRVWDDVSGLSFREVPDTTSVPZRZKFGSYDBGPGZSFPORGGVLAHAFLP RNOPABFPDSBTMT--------------------------
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...... 310...... 320...... 330...... 340...... 350...... 360...... 370...... 380...... 390.......400
1) ----------------------------------------------------------------------KDTT-------------------------
2) --------------------------------------------------------------------- KDTT--------------------------
3) --------------------------------------------------------------------- BDAS--------------------------
4 ) --------------------------------------------------------------------- DDVT--------------------------
5) --------------------------------------------------------------------- LGPS--------------------------
6) ------------------------------------------------------------------------------------------------------------------------------------------- NNFR---------------------------------------------------
7) --------------------------------------------------------------------- NNFT--------------------------
8 ) ----------------------------------------------------------------------KDFR-------------------------
9) KEYNSCTDTGRSDGFLWCSTTYNFEKDGKYGFCPHEALFTMGGNAEGQPCKFPFRFQGTSYDSCTTEGRTDGYRWCGTTBDYDRDKKYGFCPETAMSTVG
10) --------------------------------------------------------------------- DGSS--------------------------
11) --------------------------------------------------------------------- KNFR-------------------------
12) --------------------------------------------------------------------- EGTR-------------------------
...... 410---- . ..420...... 430...... 440...... 450...... 460...... 470...... 480...... 490...... .500
1) ---------------------------------------------------- GTHLFLVAA-BB10BSl.OX.rKSAMTBALMYPLYHSLTDLTRFRI.SOP
2) ---------------------------------------------------- GTNLFLVAA-BEIOHSLOLFBSAMTEAUfYPLYHSLTDLTRFRLSOP
3 ) --------------------------------------------------------------------------------------------------------- GTMLFLVAA-BELOHSLOlTBSAMTEAmrPLYMSFTELAQFRLSQP
4 ) ---------------------------------------------------- GTHLFLVAA-BELOBSLOLrBSAMAEALHYPVYKSSTDLARFHLSOP
5) ---------------------------------------------------- GTHLFLVAA-BBLOB8LOLFH8NNKE8U4YPVYRFSTSQAMIRLSOP
6) ---------------------------------------------------- BYHLHRVAA-BELOB8LOL8H8TDIGALMYPSYTFSGDV QLAQD
7 ) ---------------------------------------------------- EYMLHRVAA-BBLOBSLOL8B8TDIGALMYPSYTFSGDV QLAQD
8)  MYMLYRVAA-BBLOB8LOL8H8TDIGALMYPNYMFSGDV QLAQD
9 ) GMSEGAPCVFPFTFLGMKYESCTSAGRSDGKHWCATTAMYDDDRKWGFCPDO-GYSLFLVAA-BBFOBAMOLEB3QDPGAU4APIYT YTKMFRLSQD
10) --------------------------------------------------- LGIN-FLTAATHBLOB3LOMOB8SDPMAVMYPTYG-MGDPOMFKLSOD
11) ---------------------------------------------------- DYNLYRVAA-BBLOBSLOLSBSTDIGAIMYPNYIYTGDV QLSQD
12) --------------------------------------------------- SGTNLFQVAA-BEFOB8LOLTH8TVRSALHYPYYQ— GYVPNFRLDMD
...... 510...... 520...... 530...... 540...... 550...... 560...... 570.......580...... 590.......600
1) OINOIQSLYOPPPD---- SPETPLVP-------------------------TEPVPPEPGTPAMCDPALSFDAVSTLRGEILI-FKDRHFHRK-SLRK
2 ) OINOIQSLYOPPPD---- SPETPLVP-------------------------TSPVPPEPGTPANCDPALSFDAVSTLRGEILI-FKDRHFWRK-SLRX
3 ) DVNOIQSLYOPPPA---- STEEPLVP-------------------------TKSVPSGSEMPAKCDPALSFDAISTLRGEYLF-FKDRYFHRR-SHWN
4 ) DVDOIQSLYOPPTE---- SPDVLWP-------------------------TKSNSLDPETLPMCSSALSFDAVSTLRGEVLF-FKDRHFHRK-SLRT
5) DIEOIQSLYOARP----- SSDATWP-------------------------VPSVSPKPETPVKCDPALSrDAVTMLRGEFLF-FKDRHFWRR-TQWN
6) DIDOIQAIYORSQN---- PVQ----------------------------------PIGPQTPKACDSKLTFDAITTIRGEVMF-FKDRFYHRT-NPFY
7) DIDOIQAIYORSQN---- PVQ----------------------------------PIGPQTPKACDSKLTFDAITTIRGEVMF-FKDRFYMRT-NPFY
8) DIDOIQAIYOPSQN-----PSQ----------------------------------PVGPQTPKVCDSKLTFDAITTIRGEIHF-FKDRFYMRA-NPYY
9 ) DIKOIQELYOASPDIDLGTGFTP----------------------------- T--- LGPVTPBICKQDIVFDGIAQIRGSIFF-FKDRFIWRTVTPRD
10) DI KOI QKLYOKR----------------------------------------------------------------------------------------
11) DIDOIQAIZOPSEN---- PVQ----------------------------------PSGPQTPQVCDSKLTFDAITTLRGELMF-FKDRFYMRT-MSFY
12 ) DIAOIRSLYOSNSG-----SGTTTTTRRPTTTRATTTRRTTTTRATTTRATTTTTTSPSRPSPPRRACSGSFDAWRDSSNRIYALTGPYFHQL-DQ—
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...... 610...... 620...... 630...... 640.......650...... 660.......670...... 680...... 690...... .700
1) LEPELBLISS-FWPSLPSGVDAAYEVTSKDLVFIFKGNQFWAIRGNEVRAGYPRGX BT--LGFFPTVRKIDAAISDKEKNKTTFFVEDKYWRFDEKRNS
2) UEPELBI.XSS-FWPSLPSGVDAAYEVTSKSLVFXFKGNQFWAIRGNBVRAGYPRGXBT--LGFFPTVRKIDAAISDKEKNKTXFFVEDKYWRFDEKRNS
3) PEPEFBLISA-FWPSIf SYIDAAYEVNSRDTVFIFKGNEFWAIRGMEVQAGYPRGIBT--LGFPPTIRKIDAAVSDKEKKKTYFFAADKYWRFDENSQS
4) PEPGFYLISS-FWPSLPSNMDAAYEVTNRDTVFIUCGNQIWAXRGBEELAGYPKSIBT--LGLPETVQKIDAAISLKDQKKTXFFVEDKFWRFDEKKQS
5) PEPEFBLISA-FWPSLPSGLDAAYEANNKDRVLIFKGSQFWAVRGNEVQAGYPKRIBT--LGFPPTVKKIDAAVFEKEKKKTTFFVGDKYWRFDETRQL
6) PEVELNFXSV-FWPQLPNGLEAAYEFADRDEVRFFKGNKYWAVQGQNVLBGYPKDIYSS— FGFPRTVKHIDAALSEENTGKTYFFVAMKYWRYDEYKRS
7) PEVELMFTSV-FWPQLPNGLEAAYEFADRDEVRFFKGNKYWAVQGQNVLBGYPKDIYSS— FGFPRTVKBIDAALSEEBTGKTYFFVAMKYWRYDEYKRS
8) SEVELNFISV-FWPBLPNGLQAAYEVAHRDEILFFKGNKYWTVQGQNELPGYPKDIBSS— FGFPRSVNBIOAAVSEEOTGKTXFFVAMKYWRYDEYKRS
9) KPMGPLLVAT-FWPELPEKIDAVYEAPQEEKAVFFAGNEYWIYSASTLERGYPKPL-TS— LGLPPDVQRVDAAFNWSKNKKTXXFAGDKFWRYNEVKKK 
1 0 ) --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
11) PEVELHFISV-FHPQVPNGLQAAYEIADRDBVRFFKGNXYHAVRGQDVLYGYPKOIBRS— FGFPSTVKHIDAAVFEEDTGKTYFFVAHECHRYDEYKQS
12) PSPSWGLVSNRFGFGLPQNIDASFQ RGWTYFFSECYYYYQT-STQRMFPRIPVHAKWVGLPC MID-AVYRSSRGPTZFFKOSFVYKFNSNNRI.
710...... 720...... 730...... 740...... 750...... 760...... 770...... 780......789
1 ) MEPG-FPKQIAEDFPGIDSKIDAV— FEEF-GFFYFFTGSSQLEFDPNAKKVTBTLKSNSHUI---- ----c --------
2 ) MEPG-FPKQIAEDFPGIDSKIDAV— FEEF-GFFYrFTGSSQLEFDPNAKKVTHTLKSNSWLN---- ----c -----------------
3 ) MEQG-FPRLIADDFPGVEPKVDAV— LQAF-GFFYrFSGSSQFEFDFNARMVTBILKSNSWLB--------c -----------------
4 ) MDPE-FPRKIAENFPGIGTKVDAV— FEAF-GFLYFFSGSSQLEFDPNAGKVTHILKSNSWFN---- ----c --------
5 ) MDKG-FPRLXTDDFFGIEPQVDAV— LBAF-GFFYrFCGSSQFEFDPNARTVTBTLKSNSHLL----
6) MDPS-YPKMIARDFPGXGRKVDAV— FMKD-GFFYFFBGTRQYKFDPKTKRILTLQKANSHFN---- ----CR------- ------- KM
7 ) MDPG-YPKHIAHDFPGIGHKVDAV— FMKD-GFFYFFBGTRQYKFDPKTKRILTLQKAN6HFN---- ----CR------- ------- kn
8 ) MDAG-YPKMIEYDFPGIGMKVDAV— FKKD-GFFYFFBGTRQYKFOPKTKRILTLQKAMSWFN--- ----CR------- ------- km
9 ) NDPG-FPKLIADAHMAIPDNLOAWDLQGG-GB6YFFKGAYYLKLENQSLKSVKFGSIKSDHLG------ C-----------------
10) -------------------------------------------------------- SNS------------R------------- KK
11) MDTG-YPKMIAEEFPGXGNKVDAV— FQKD-GFLYFFRGTRQYQFDFKTKRILTLQKAN6WFN------- CR--------------KM
12) QRRTRISSLFNDVPSALBDGVEAW— RADRNYIBrYRDGRYYRMTDYGRQFVNFPNGLPYSDVIESVXPQCRGRSLSYESEGCSNSSE
Figure 2. Amino acid sequence alignment of metalloproteases 
from different organisms.
The sequences were aligned using the programme Clustal (Higgins and Sharp, 
1988, 1989). Gaps, represented by (-), were introduced to maximize homology. The 
two most conserved sequences, the activation site (position 157) and the active 
centre of enzyme (position 460) are underlined.
1) human stromelysin (Whitham et al., 1986); 2) human metalloprotease-3 (Saus 
et al., 1988); 3) human stromelysin-2 (Muller et al., 1988); 4) rat transin 
(Matrisian et al., 1985); 5) rat transin-2 (Breathnach et al., 1987); 6) human skin 
collagenase (Goldberg et al., 1986); 7) human collagenase (Whitham et al., 1986); 
8) rabbit collagenase (Fini et al., 1987); 9) human type-IV collagenase (Collier et 
al., 1988); 10) human pump-1 metalloprotease (Muller et al., 1988); 11) porcine 
type I collagenase (Krebs et al., 1990); 12) Paracentrotus lividus (sea urchin) 
collagenase (Lepage and Gache, 1990).
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sequences that are very well conserved (highlighted in Figure 2).
The first of these sites, near the protein amino-terminal 
end, has the consensus sequence "PRCGVPDV", which is 
completely conserved in all but one of the sequences analysed. It 
has been proposed that this sequence, called the activation site, 
is involved in regulating the enzyme activity. The second site is 
the active centre of the enzyme. It  is closer to the 
carboxy-terminal end and contains the Zinc-binding region. The 
consensus sequence for this site is:
"VAAHE(I /L/F)G H(S /  A )(L/M )G (L/M )(F/S /  G /  Y /E / )HS".
Although there are no crystallographic data available, 
it has been proposed that two of the histidines in the active 
centre act together in coordinating the Zinc atom, essential for 
the enzyme activity. According to a recent model, in a newly 
secreted metalloprotease the cysteine present in the activation 
site interacts with the Zinc atom in the active centre, thus 
rendering inactive the enzyme (Van W art and Birkedal-Hansen, 
1990; Matrisian, 1990, 1992). It would be only after the removal 
of the amino-terminal part, including the activation site, that the 
enzyme would become active.
Based on the amino acid sequence of these conserved 
regions two oligonucleotides, MSO-S and MSO-A, were designed 
(Figure 3) to be used in PCR and hybridization experiments. 
These oligonucleotides were designed incorporating inosine in 
some positions in order to avoid synthesizing highly degenerated 
sequences. Inosine forms stable base pairs with all four 
conventional bases, and the strength of the pairing is 
approximately equal in each case (Martin et al., 1986; Ohtsuka 
etal., 1985; Takahashi etal., 1985).
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MSO-S oligonucleotide
N
p  r  c  g  v
5 ' AAGGAT CCI  CG I TGT GGI G T I C C I GAT GT 3 ' 
BamHI " A C AA C
M S O -A  oligonucleotide (complementary sequence)
I
F
V A A H E L G H
5 ' GTN GCN GCI CAT GAA I T I  GGI CA 3 '
C G
M S O -A  oligonucleotide (actual sequence)
5 ' AAAAGCT TG IC C  IA I  TTC ATG IG C AGC AAC 3 ' 
H in d lll C G C C
G G 
T T
Figure 3. Oligonucleotides specific for conserved sequences 
within metalloprotease sequences.
The oligonucleotides are presented below the corresponding amino acid sequences 
(one letter code) from the selected regions in the metalloproteases (starting at 
positions 157 and 460, respectively, in Figure 2). The sequence for oligonucleotide 
MSO-A was reversed respectively to its amino acid sequence so that it would 
hybridize to the anti-sense DNA strand.
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3.1.3. Attempts to isolate the putative C. elegans 
collagenase gene by PCR.
Two different sets of PCR reactions were performed 
using the MSO-S and MSO-A oligonucleotides as primers for 
amplifying specific sequences in human, sea urchin and 
C. elegans DNA2. E. coli OP50 DNA was also included as a 
negative control. In the first set of reactions (Figure 4A), 5 cycles 
of annealing-extension-denaturation were performed using an 
annealing temperature of 37°C followed by 30 cycles at 50°C. In  
the second set (Figure 4B), 2 cycles were done at 42°C followed 
by 35 cycles at 55°C. No specific PCR product amplified from  
C. elegans DNA could be identified using these conditions in the 
PCR reactions.
In order to assess the efficiency of the oligonucleotides 
being used as well as the target sequences, two additional 
control experiments were performed. Each control consisted of 
three PCR reactions. The first reaction contained 6p6.1 DNA 
(cloned sea urchin collagenase). The second reaction contained 
sea urchin or C. elegans genomic DNA, and the third contained a 
mixture of 6p6.1 DNA and sea urchin or C. elegans DNA. DNA 
was amplified using 5 cycles of amplification with an annealing 
temperature of 37°C followed by 30 cycles at 50°C. Aliquots were 
withdrawn and run in an agarose gel (Figure 5). Under the 
conditions used no specific product was amplified when using 
either sea urchin or C. elegans DNA. However, a PCR product of
2 the human (HeLa cells) and sea urchin DNAs were a gift from H. Jacobs (Genetics 
Department, Glasgow University).
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Figure 4. Agarose gel electrophoresis o f PCR products  am plified  
us ing  MSO-S and MSO-A prim ers.
Conditions used  in all PCR reactions were: 30 seconds d en a tu ra tio n  (94°C) 
followed by 30 seconds an n ea lin g  an d  1 m inu te  extension  (72°C). PCR was 
perform ed using  5 x l0 -7 pmol of each ta rg e t DNA. In  panel A, 5 cycles of 
annealing -ex tension -denatu ra tion  w ere perform ed using  an  an n ea lin g  
tem p era tu re  of 37°C followed by 30 cycles a t  50°C. In  panel B, 2 cycles were 
perform ed a t  42°C followed by 35 cycles a t  55°C. 6 pi sam ples (corresponding to 1/4 
of th e  PCR reactions) were electrophoresed in a 1.8% agarose gel.
F) <hX-174/HaeIII; 1) h u m an  DNA tem plate  (1 pg); 2) sea  u rch in  DNA (270 ng);
3) C. e legans  DNA (70 ng); 4) E . c o li (OP50 s tra in ) DNA (1.3 ng); 5) no DNA added  
to PCR.
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expected length (approximately 400 bp) could be detected when 
using the cloned sea urchin collagenase as target sequence, 
indicating that the primers were used efficiently. Moreover, this 
same product could be identified in the PCRs where the DNA 
from the cloned sea urchin collagenase and genomic DNAs were 
combined, suggesting that a non-specific inhibition could not 
account for the negative results when using only genomic DNA.
Since it was not possible to amplify any 
metalloprotease encoding sequence from C. elegans genomic 
DNA, another approach was devised using DNA from a 
C. elegans cDNA library, constructed in XZAP, as target for PCR 
amplification. To isolate DNA, samples corresponding to lx lO 7 
and lx lO 4 pfu were withdrawn from the library and heated at 
80°C for 10 minutes followed by freezing at -70°C for 10 minutes. 
This heat/freeze cycle was repeated once before the samples 
were used in the PCR reactions. The reactions consisted of five 
different sets, each set using a different combination of primers. 
In  addition to using primers specific for the two conserved sites 
in the metalloprotease sequences (MSO-S and MSO-A), the T33 
and T74 primers were also used. This strategy would enable the 
amplification of a product if the target sequence for one of the 
MSO primers was either absent or modified. The first set of PCRs 
contained primers MSO-S and MSO-A, set two contained 
primers MSO-A and T3, set three contained primers MSO-S and
^ this primer hybridizes to the T3 promoter flanking the polylinker of XZAP and has the 
sequence 5' ATTAACCCTCACTAAAG 3'.
4 this primer hybridizes to the T7 promoter flanking the polylinker of XZAP and has the 
sequence 5' AATACGACTCACTATAG 3’.
Figure 5. Agarose gel electrophoresis o f PCR products  am plified 
us ing  sea u rch in , C. elegans and 6 p 6 .1 p lasm id DNA.
C onditions used  in  all PCR reactions were: 30 seconds d e n a tu ra tio n  (94°C) 
followed by 30 seconds an n ealin g  and  1 m in u te  ex tension  (72°C). 5 cycles of 
an nealing -ex tension -denatu ra tion  were done usin g  an  an n ea lin g  tem p e ra tu re  of 
37°C followed by 30 cycles a t  50°C. PCR w as perform ed using  5 x l0 ‘7 pm ol of each 
ta rg e t DNA. 10 pi sam ples from th e  PCR reactions w ere electrophoresed  in a  1.8% 
agarose gel.
K) 1 kb ladder; P) 6p6.1 DNA tem p la te  (1.77 pg); 1) sea u rch in  DNA (270 ng);
2) sea u rch in  plus 6p6.1 DNA; 3) C. elegans  DNA (70 ng); 4) C. e legans  p lus 6p6.1 
DNA.
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T3, set four contained primers MSO-A and T7, and set five 
contained primers MSO-S and T7.
Each of the five sets comprised three separate 
reactions, using the equivalent of lx lO 7 pfu of phage, lx lO 4 pfu 
of phage, and a control with no phage DNA added. The 
"touchdown" PCR technique was used, with annealing 
temperatures varying from 60°C to 45°C over 16 cycles (followed 
by 20 cycles at 45°C).
After the PCRs were completed, 10 1^ samples were 
electrophoresed in a 1.5% agarose gel (Figure 6A). A PCR 
product, w ith a size just below 1 kb, was detected in the reaction 
using lx lO 7 pfu of phage and oligonucleotides MSO-S and 
MSO-A as primers (Figure 6A, reaction 1W). In order to verify if  
this PCR product was being amplified from cloned sequences in  
XZAP or from sequences in the vector, the PCR was repeated 
using the same conditions described before and including a 
control reaction containing 5 ng XZAP as target DNA5. As shown 
in Figure 6B, all PCR products were amplified exclusively from  
XZAP sequences.
3.1.4. Hybridization of MSO-S and MSO-A 
oligonucleotides to C. elegans genomic DNA.
Another approach used to try to identify the putative 
C. elegans metalloprotease encoding sequence was by 
hybridization of labelled MSO-S and MSO-A oligonucleotides to
5 lxlO8 molecules of phage lambda DNA have a mass of 4.5 ng.
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Figure 6. Agarose gel electrophoresis o f PCR products am plified 
us ing  DNA from  a XZAP/C. elegans cDNA lib ra ry .
"Touchdown" PCR was perform ed using  1 m inu te  d en a tu ra tio n  (94°C), 1 m inu te  
an n ea lin g  (with tem p era tu re  vary in g  from 60°C to 45°C over 16 cycles, followed by 
20 cycles a t  45°C) an d  2 m inu tes ex tension (72°C). E ach of th e  PCR reactions 
con tained  lx lO 7 pfu (W), lx lO 4 pfu (X), an d  no DNA (Y), respectively  (panel A). 
The control PCR in panel B (lane Z) contained 5 ng of >vZAP DNA an d  was 
perform ed using  th e  sam e conditions as described for panel A. 10 pi sam ples were 
w ith d raw n  from the  PCRs an d  electrophoresed in a 1.5% agarose gel. Each se t of 
PCRs w as perform ed using  th e  following prim ers: 1) MSO-S and  MSO-A;
2) MSO-A an d  T3; 3) MSO-S an d  T3; 4) MSO-A an d  T7; 5) MSO-S an d  T7.
K) 1 kb ladder.
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C. elegans genomic blots.
C. elegans genomic DNA was separately digested with 
EcoRI and BamHI, electrophoresed in a agarose gel and blotted 
to a nylon membrane. Human, sea urchin and E. coll (OP50)
DNA were also used as controls. Two identical blots were 
prepared and individually hybridized to the end-labelled probes. 
Conditions for hybridization were as described in Materials and 
Methods except that the final washing was done at 42°C for 2 
minutes and blots exposed for 3 days (Figure 7). Under these 
conditions no specific hybridization to C. elegans DNA could be 
detected. Moreover, no clear individual bands could be identified 
in the human and sea urchin DNAs (positive controls), indicating 
that the oligonucleotides were not specific enough to detect the 
homologous sequences in the DNA from these organisms. Also, 
hybridization bands could be detected in the E. coll DNA, which 
should not contain any homologous sequence.
3.2. Molecular characterization of the dpy-6 gene.
3.2.1. Tel transposon tagging the dpy-6 gene.
The C. elegans DR 1013 is a m utator strain containing 
a copy of the Te l transposon disrupting the dpy-6 gene activity. 
This has been determined by complementation analysis, where 
the progeny arising from crossings between DR 1013 males and 
dumpy hermaphrodites6 exhibit a dumpy (non-unc) phenotype
6 double mutants homozygous for the dpy-6(el4) reference allele and unc-20(ell2).
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Figure 7. S outhern  b lo t analysis o f MSO-S and MSO-A 
oligonucleotides hybrid ized to  C. elegans DNA.
DNA w as digested  sep a ra te ly  w ith FcoRI (R) or JBamHI (H), e lectrophoresed in a 
0.7% agarose gel (1.5 V/cm for 20 h), blo tted  to a nylon m em brane an d  hybridized 
to end-labelled MSO-S (panel A) or MSO-A (panel B) oligonucleotides.
1) h u m an  DNA (10 pg); 2) sea u rch in  DNA (5.4 pg); 3) C. elegans  DNA (2.8 pg);
4) E. c o li DNA (0.65 pg).
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(P. Albert, personal communication). However, due to the 
presence of the mut-6 m utation this strain also has a much 
higher copy number of Tc 1 transposable elements dispersed in 
its genome than the N2 strain. Tel transposition is derepressed 
in m utator strains, and Mori et al. (1988) suggested that the 
m utator locus itself could be a transposon. This is in agreement 
with current models for the regulation of transposition, where it 
is assumed that if a Tc element is inserted in the vicinity of an 
enhancer or promoter, the expression of the transposase could 
lead to a general derepression of transposition (van Luenen et 
a l., 1993). The high copy number of Tel transposons would 
make it difficult to identify the specific Tc 1 insertion associated 
with the dumpy phenotype.
In order to reduce and stabilize the Tc 1 copy number 
in the genome, a series of backcrosses to the wild-type N2 strain 
were performed, in an experimental approach identical to that 
previously described by Moerman and Waterston (1984) and 
Moerman eta l. (1986). In this approach the Tel-tagged allele is 
continually selected as the N2 chromosomal background 
becomes predominant. Considering that there is no positive 
selection for the mut-6 locus, when this allele is lost the 
transposition activity is reduced to the normal levels present in 
N2. Basically, two DR 1013 hermaphrodites were independently 
crossed to N2 males and a single wild-type hermaphrodite from  
each progeny (F I) was selected. This hermaphrodite was then 
allowed to self-fertilize and a dumpy hermaphrodite from its 
progeny (F2) was selected and crossed to N2 males. This 
procedure was repeated six more times, then wild-type 
hermaphrodites (F2) were individually transferred to seeded
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NGM plates. Two heterozygote hermaphrodites (one for each 
series of backcrosses) were selected and by self-fertilization used 
to originate a dumpy and a wild-type homozygous lineage.
Figure 8 shows a schematic overview of the crosses involved in  
transposon tagging the dpy-6 gene.
The overall effect of the consecutive backcrosses was to 
remove the DR 1013 chromosomal background, replacing it with 
N2 chromosomes while maintaining the dpy-6::Tcl allele. After 
each round of backcross the Tc 1 copy number should be 
reduced until reaching the number present in the N2 strain 
(approximately 30 copies per genome).
Four lineages were obtained using this procedure, 
resulting from the two independent series of backcrosses. The 
lineages were designated WT-A and DPY-A, arising from one 
series of backcrosses; and WT-C and DPY-C, arising from the 
other. Ideally, the dumpy lineage and its wild-type counterpart 
should be chromosomically identical, differing only by the extra 
Tc 1 copy present in the dumpy lineage.
3.2.2. Identification of the Tel insertion associated with 
the dumpy phenotype.
The Tc 1 insertion associated with the dumpy 
phenotype was identified by hybridization of a labelled Tc 1 probe 
to a Southern blot containing EcoRI digested DNA of wild-type 
and dumpy lineages.
The probe was prepared by digesting pCE1003 
(plasmid containing a cloned Tc 1) with EcoRV and gel-purifying
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PO c?N2 (+d /o )  x £DR1013 {dpy-6 / dpy-6)
Figure 8. Schem atic representation o f the c ro ss in g /se llin g  
procedures used fo r transposon tagging the dpy-6 gene.
The re levan t alleles are:
+d - the  w ild-type d p y -6  allele; 
d p y -6  - the m u tan t <afpy-6::Tcl allele.
Since the  dpy-Q  gene is located in the X chrom osom e an d  C. e legans  m ales a re  XO, 
the  wild-type m ale genotypes a re  rep resen ted  by +d/0.
F1
self-fertilization
CO
- Q
▼
F2 V (dpy-6 / dpyQ)
<? WT (+d/+d)
(+d / dpy-6)
I
self-fertilization
DPY WT
lineagelineage
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the 1.57 kb fragment containing T e l. Te l has only two EcoRV 
sites located at 22 bp from the inverted repeat ends (Rosenzweig 
et al., 1983), readily allowing the isolation of fragments 
containing almost all of Tc 1, suitable for preparation as specific 
probes.
DNA from the N2, WT-A, WT-C, DPY-A and DPY-C 
strains was prepared, digested with EcoRI and electrophoresed 
in a agarose gel. The gel was subsequently blotted to a nylon 
membrane and hybridized to the 32P-labelled Tc 1 probe 
(Figure 9).
The hybridization pattern of the wild-type and dumpy 
congenic strains, as expected, is very similar to the N2 strain, 
indicating that the backcrosses were effective in removing almost 
all the extra copies of Tel present in the DR 1013 strain.
However, a few copies can be identified in the congenic strains 
that are not present in N2. Most of these extra copies of Tel are 
present in both wild-type and dumpy strains, indicating they are 
not associated with the dumpy phenotype. After the sixth round 
of backcrossing a fragment, approximately 9.5 kb in length, 
could be detected in the dumpy strains which was not present in 
the congenic wild-type animals. This fragment should contain 
the Tel insertion associated with the dumpy phenotype.
A second fragment, approximately 7.2 kb in length, 
was also detected exclusively in the dumpy strains (Figure 9B). 
However, when the hybridization pattern of DNA prepared from  
animals after the fourth round of backcross was analysed 
(Figure 9A), this extra fragment could also be detected in the 
WT-A strain, indicating that this Tel insertion was not linked 
with the dumpy phenotype. After two further backcrosses the
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Figure 9. T e l hyb rid iza tion  to EcoRI digested DNA from  w ild -type  
and dum py C. elegans s tra ins.
2 pg of DNA were d igested  to com pletion w ith EcoRI an d  electrophoresed  in  a 
0.6% agarose gel (2 V/cm, 22 h), th en  the gel w as b lo tted  to a nylon m em brane and  
th e  filters hybridized to the 32P-labelled T el probe. P anel A corresponds to DNA 
ex tracted  from  worm s a fte r the fourth  successive backcross a n d  p an e l B 
corresponds to DNA ex tracted  afte r th e  six th  series of backcross. The arrow  (X) 
indicates th e  9.5 kb fragm en t contain ing  the  T e l copy assoc ia ted  w ith  th e  dum py 
phenotype. The arrow  (Y) indicates th e  7.2 kb frag m en t co n ta in in g  an o th e r T el 
copy.
1) N2; 2) WT-A; 3) WT-C; 4) DPY-A; 5) DPY-C.
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Tel insertion was eliminated, entirely by chance, from the 
wild-type strains while being kept in the corresponding dumpy 
strains.
3.2.3. Molecular cloning of the Tel -containing 9.5 kb 
fragment associated with the dumpy phenotype.
Since a single Tel insertion was found to be linked 
with the dumpy phenotype in the strains derived from DR 1013, 
the first step towards characterizing the disrupted putative gene 
was cloning the corresponding DNA fragment carrying the Tel 
insertion. This was accomplished by cloning size selected DNA 
into the appropriate lambda vector and screening for the 
presence of Tc 1.
In itial attempts were made using lambda vectors 
commonly used for genomic cloning, like XEMBL4 (Frischauf et 
al., 1983) and XDASH II (Sorge, 1988). However, it was not 
possible to isolate any recombinants carrying the required 
fragment when both vectors were used, possibly due to the 
fragment size being very close to the minimum necessary for 
efficient packaging. Finally, >^ ZAP II was used as the cloning 
vector, even though the fragment size was close to its upper 
lim it.
3.2.3.1. Size selecting of DNA.
30 fig of DNA from strain DPY-C was digested to
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completion with EcoRI and electrophoresed in a 0.8%  
LMP-agarose gel (2 V /cm , overnight) using a comb with wide 
teeth (4.5 cm) to form the wells. Using a scalpel blade, slices of 
2-4 mm (approximately 1 ml volume) were excised from this gel 
and individually transferred to Eppendorf tubes. Ten slices were 
cut from parts of the gel containing DNA fragments ranging in  
size from 23 kb to 6 kb, melted at 65°C for 5 minutes and 30 jil 
samples run in an agarose gel together with a lane containing 
EcoRI digested DPY-C DNA (Figure 10A). In order to determine 
precisely the fractions containing the correct fragment, DNA 
from this gel was then transferred to a nylon membrane and 
hybridized to the 32P-labelled Tel probe as before (Figure 10B).
Fractions four and five contained most of the 9.5 kb 
fragment. DNA from the remaining LMP-agarose corresponding 
to these fractions was then extracted and purified as described 
in Materials and Methods.
3.2.3.2. Cloning into xZAP II.
Approximately 250 ng of DNA from fractions four and 
five were separately ligated to 1 i^g EcoRI digested CIP treated 
XZAP II DNA, in a 5 [il reaction. H alf the ligation volume was 
then used for in vitro packaging. The library prepared using 
fraction four (X.E4 library) contained 7.5x104 pfu of phage and 
the library prepared using fraction five (XE5 library) contained 
2 x l0 4 pfu of phage. Applying the mathematical formula 
developed by Clarke and Carbon (1976), a C. elegans genomic 
library prepared by cloning 10 kb fragments and representative
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Figure 10. Agarose gel electrophoresis o f EcoRI digested size 
fractionated DPY-C DNA and corresponding T e l hybrid ized  
Southern blot.
30 pi sam ples from m elted LM P-agarose gel were ru n  in a 0.6% agarose  gel 
(panel A). The DNA w as th en  blo tted  an d  hybridized to the  32P-labelled T e l probe 
(panel B). The arrow  indicates the  location of the  9.5 kb fragm en t co n ta in in g  the  
T e l insertion  associated  w ith the dum py phenotype.
L) X /H ind lTL ; D) DPY-C DNA EcoRI digested (800 ng); 3 to 10) d iffe ren t fractions
from LM P-agarose.
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of the entire genome (level of probability equal to 0.99) should 
contain at least 1x10s recombinants. Considering that the 
cloned size fractionated DNA was probably less than 10% of the 
whole DNA content, both XE4 and XE5 libraries should contain 
at least one copy of the required DNA segment.
Fractions containing 1 .5x l04 pfu of phage were plated 
from both libraries in 90 mm L-agar plates, the DNA was 
transferred to a nylon membrane and hybridized to the 
32P-labelled Tel probe. A single positive signal was detected in 
each screening. The plaques corresponding to these signals were 
collected, eluted in SM and rescreened at a lower phage density. 
Well isolated plaques from these secondary screenings were 
picked and used to prepare phage stocks.
DNA was prepared from both clones (designated XE4.2 
and AE5.0, respectively), digested with EcoRI and 
electrophoresed in an agarose gel together with DPY-A and 
DPY-C DNA (Figure 11A). The insert contained in XE4.2 
corresponded to the expected fragment size while XE5.0 
contained a much smaller insert. In order to further verify that 
the insert in KE4.2 corresponded to the Tel tagged fragment 
associated with the dumpy phenotype, DNA from this gel was 
transferred to a nylon membrane and hybridized to the 
32P-labelled Tel probe (Figure 1 IB). The result from this 
Southern blot confirmed that XE4.2 carried a Tel-containing  
insert that was also the same size as the Tc 1 tagged fragment.
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Figure 11. Agarose gel electrophoresis o f EcoRI digested XE4.2 
and XE5.0 DNA and corresponding S ou thern  b lo t hybrid ized  to 
T e l probe.
A pproxim ately 500 ng of DNA from AE4.2 and  ?J35.0 w as d igested  w ith  EcoRI and  
electrophoresed in a 0.5% agarose gel, together w ith  2 pg of EcoRI d igested  DPY-A 
an d  DPY-C DNA (panel A). DNA w as th en  tran sfe rred  to a  nylon m em brane  an d  
hybrid ized to th e  :^ 2P-labelled T el probe (panel B). The arrow  ind icates the  
location of the  9.5 kb fragm ent contain ing  th e  T e l in sertio n  associa ted  w ith  the 
dum py phenotype. The hybrid ization  bands larger th a n  20 kb correspond to 
p a r tia l digestions of phage DNA.
L) X /H in d l l l ;  1) DPY-A; 2) A.E4.2; 3) XE5.0; 4) DPY-C.
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3.2.3.3. Subcloning into pBluescript II.
Approximately 0.6 i^g of EcoRI digested XE4.2 DNA was 
ligated to 0.3 pig of EcoRI digested CIP-treated pBluescript II 
(KS-) DNA in a 10 pil reaction. One third from this reaction was 
then used to transform XL 1-Blue competent cells. Sixteen 
recombinant colonies were obtained. DNA from some of these 
recombinants was prepared and separately digested with EcoRV 
and Clal (Figure 12). Since there are two EcoRV sites and only 
one Clal site in Tc 1 (both enzymes cut pBluescript only once), 
this digestions would confirm the orientation of the cloned 
inserts. All recombinants analysed contained the insert in the 
same orientation and one of them (plasmid preparation 2) was 
selected for further work. Figure 13 shows a partial restriction 
map of this plasmid, designated pB9.5.
Two other plasmids derived from pB9.5 were 
constructed in order to facilitate sequencing the DNA flanking 
both sides of Tel in the cloned fragment. DNA from pB9.5 was 
digested with EcoRV and the fragments separated by 
electrophoresis in LMP-agarose. The bands containing the 7 kb 
(pBluescript plus the right insert) and 3.6 kb (left insert from  
pB9.5) fragments (see Figures 12A and 13), were then excised 
and the DNA was purified. DNA from the 7 kb fragment was 
religated and used to transform XL 1-Blue competent cells. 
Recombinant (white) colonies were selected, the DNA was 
prepared, digested with EcoRV and analysed by agarose gel 
electrophoresis. One plasmid was selected for further work 
(pBlueR, Figure 14).
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Figure 12. Agarose jgel electrophoresis o f DNA from  pB luescrip t 
recom b inan ts d igested w ith  EcoRV and C/al.
300 ng of p lasm id  DNA vwas digested  w ith EcoRV (panel A) or C la l  (panel B) an d  
electrophoresed  in a 0.7%> agarose gel. The bands in panel A are: 7 kb, pB luescrip t 
p lus the  rig h t in se rt frorm pB9.5; 3.6 kb, left in sert from pB9.5; 1.57 kb, T el 
tran sp o so n  (excluding 22! bp from each inverted  repeat).
L) 'k /H in d l l l ;  2 to 18) DN1A from different recom binant plasm ids.
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Figure 13. Partial restriction map of plasmid pB9.5.
The position of the 9.5 kb fragment is indicated together with the Tel insertion. 
The Tel sequence divides the insert into two distinct sequences, marked right 
frag and left frag. Also indicated is the ampicillin resistance gene (amp) from 
pBluescript. Only the relevant restriction enzyme sites are shown.
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DNA from the 3.6 kb fragment was ligated to EcoRV 
digested and dephosphoiylated pBluescript SK+ and used to 
transform XL 1-Blue competent cells. The transformants 
included white, blue and pale blue colonies. DNA was prepared 
from some of the white and pale blue colonies and the size and 
orientation of the insert was verified by digestion with EcoRI 
followed by agarose gel electrophoresis. All white colonies 
contained different plasmids of a smaller size than expected for 
the correct construct. Two of the pale blue colonies contained 
the plasmid carrying the 3.6 kb fragment in the desired 
orientation (with the 22 bp from the Tc 1 sequence closer to the 
SK primer site)(pBlueL, Figure 14).
The plasmids pBlueR and pBlueL would allow 
sequencing from the KS primer through the cloned inserts, 
including the 22 bp from Tel ends, thus enabling the 
determination of the Tc 1 insertion site as well the flanking 
sequences immediately adjacent.
3.2.4. Location of the 9.5 kb Tel tagged insert in the 
physical map of the C. elegans genome.
The location of the corresponding wild-type allele of the 
tagged gene was determined by hybridizing a specific probe from 
the cloned 9.5 kb fragment to a collection of overlapping cosmid 
or YAC clones representing most of the C. elegans genome.
Approximately 90-95% of the C. elegans genome has 
been cloned into more than 17000 cosmids assembled into some 
700 clusters (Coulson etal., 1986). These clusters (contigs) have
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Figure 14. Partial restriction maps of plasmids pBlueR and 
pBlueL.
The arrow indicates the location of the KS sequencing primer. Tel1 corresponds to 
the 22 bp sequence from Tel ends. The relative sizes of both plasmids are shown 
proportional to pB9.5 (Figure 13).
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been further linked by cloning large (50 to 1000 kb) genomic 
fragments into a YAC vector7 (Coulson et al., 1988). This 
collection of overlapping clones constitutes a physical map of the 
C. elegans genome and since many cloned genes had previously 
been assigned a position in the genetic map, the correlation 
between maps can be established.
DNA from pBlueL was digested with EcoRV, 
electrophoresed in a LMP-agarose gel and the band 
corresponding to the 3.6 kb fragment was excised and purified 
from the gel. DNA was then labelled and hybridized to a grid 
containing DNA from 958 different YACs*.
Three positive hybridization signals were found, 
corresponding to YACs Y51E1, Y75D9 and Y58B1 (Figure 15). 
The cloned inserts from these three YACs overlap considerably 
and their location in the physical map (Figure 16) correspond to 
a region in the chromosome X  of C. elegans where the dpy-6 
gene had previously been mapped by three-factor crosses 
(Brenner, 1973) (Figure 17).
In  order to identify the cosmids cariying the wild-type 
allele corresponding to the Tel tagged 9.5 kb fragment, nine 
cosmids covering the entire overlapping region present in the 
YACs were selected9. Bacterial colonies carrying the selected
7 YAC vectors (Burke et al., 1987) provide centromeric, telomeric and selective functions for
the constructs, which are then introduced into Saccharomyces cerevisiae and replicate in the 
same manner as the host chromosomes.
9 a gift from A. Coulson (MRC-Cambridge).
9 the selected cosmids were: T13E6, K01F10, C07A6, K04A4, F37F1, B0420, F16F9, W04H3 
and T01B10 (see Figure 16A for their relative locations).
Figure 15. H ybrid iza tion  o f the inse rt from  pB lueL to  a grid  o f 
YACs con ta in ing  cloned genomic C. elegans sequences.
DNA from pBlueL in se rt w as purified, labelled by random  p rim ing  and  hybridized 
to a grid contain ing  24 rows by 40 colum ns of y ea s t colonies con tain ing  YACs. The 
arrow  indicates the  location of th e  th ree  positive signals. O th er spots of 
photographic deposit do not correspond in position to y east colonies.
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Figure 16. Physical m ap from  pa rt o f C. elegans chrom osom e X.
The lines in panel A ind icate  the re la tive positions of YAC and  cosm id clones (long 
an d  sh o rt lines in the  u p p er and  lower p a r ts  of panel A, respectively). P an el B 
p resen ts  a more general view of th is region from chromosom e X w ith  th e  re la tive  
position of cloned genes indicated. The box ind icates th e  region w hich is show n in 
panel A. D ata m ade availab le  by the  C aenorhabd itis  G enetic C en ter.
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F ig u re  17. Genetic m ap from  pa rt o f C. elegans chrom osom e X.
The? m ap  indicates th e  re la tive  position of genes m apped by tw o-factor an d  
thrcee-factor crosses. T he scale of th e  m ap is 1 m ap u n it to 0.6 cm (1 m ap  u n it is 
e q u iv a le n t to 1% recom bination), d p y -6  is located a t  position  0.0.D ata  m ade 
a v a ila b le  by th e  C aenorhabd itis  G enetic C enter.
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cosmids were plated in L-agar plates containing the appropriate 
antibiotic. Individual colonies, ten for each cosmid, were then 
screened by colony hybridization using the 32P-labelled 3.6 kb 
insert from pBlueL as a probe (Figure 18). Hybridization was 
detected to colonies carrying the cosmids B0420, F16F9 and 
W 04H3*0. Some individual colonies did not hybridize to the 
probe, presumably due to cosmid deletion during colony growth.
DNA from these three cosmids was prepared, digested 
with EcoRI and analysed by agarose gel electrophoresis (together 
with EcoRI digested genomic DNA from N2, WT-A and WT-C 
strains) (Figure 19A). Table 1 shows the corresponding fragment 
sizes from the EcoRI digested cosmids. DNA from this gel was 
then transferred to a nylon membrane and probed with the 
32P-labelled insert from pBlueL (Figure 19B). Hybridization was 
detected to one fragment from each cosmid, with sizes 
corresponding to 7.36 kb (B0420), 7.88 kb (F16F9) and 3.79 kb 
(W04H3). The hybridizing fragment from cosmid F16F9 is the 
same size as those detected in the genomic DNA of wild-type 
strains (Figure 19B, lanes 7-9), indicating that this cosmid 
contained the wild-type counterpart of the cloned 9.5 kb 
fragment tagged with Tc 1. Based on the EcoRI fragment sizes 
and the hybridization pattern detected (Figure 19), and taking 
into account the mapping data available from the physical map 
(Figure 16) a partial restriction map including the relevant DNA 
fragments was established (Figure 20).
^ T h e  cosmid B0420 has its insert cloned into pJB8 (Ish-Horowicz and Burke, 1981) whilst 
cosmids F16F9 and W04H3 have theirs cloned into LoristB (Cross and Little, 1986).
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F igure 18. H ybrid iza tion  o f the inse rt from  pB lueL to  DNA from  
colonies ca rry ing  cosm ids covering the overlapp ing region o f 
YACs Y51E1, Y75D9 and Y58B1.
Colonies w ere tran sfe rre d  to a Hybond-N m em brane placed on th e  su rface of an  
L -agar p la te  an d  allowed to grow a t  37°C for 4 h. The m em brane w as rem oved, the 
colonies lysed an d  th e  DNA d en a tu red  an d  subsequen tly  neu tra lized . Following 
th is, th e  DNA on the  m em brane was hybrid ized to th e  32P-labelled in se rt from 
pBlueL.
A) T13E6, B) K01F10, C) C07A6, D) K04A4, E) F37F1, F) B0420, G) F16F9,
H) W 04H3, I) T01B10.
1 to 10) d ifferen t colonies con tain ing  copies of th e  sam e cosmid.
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Figure 19. Agarose gel electrophoresis o f DNA from  cosm ids 
B0420, F16F9 and W 04H3 digested w ith  EcoRI and the 
correspond ing S outhern  b lo t hybrid ized to  32P-labelled inse rt 
from  pB lueL.
DNA w as digested  w ith  EcoRI an d  electrophoresed in a 0.7% agarose gel (2 V/cm, 
overnight)(panel A). DNA was th en  tran sfe rred  to a nylon m em brane and  
hybrid ized to th e  in sert from pB lueL (panel B).
K) 1 kb ladder; L) X /H in d lII; 1) B0420 (*0.7 pg); 2) F16F9 (*0.7 pg); 3) W04H3 
(*0.7 pg); 4) B0420 (*1.7 ng); 5) F16F9 (*1.7 ng); 6) W 04H3 (*1.7 ng); 7) N2 (2 pg); 
8) WT-A (2 pg); 9) WT-C (2 pg).
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1 2  3
1 0 . 7 4
7 . 8 8 *
7 . 3 6 *
7 . 2 0
6 . 2 1 6 . 2 1
5 . 6 1
4 . 4 2
4 . 63 4 . 63
3 . 7 9 3 . 7 9
3 . 3 8
2 . 6 7
2 . 7 6
2 . 5 1
2 . 6 2
2 . 5 1
2 . 3 0 2 . 3 0
2 . 0 9 2 . 0 9
1 . 7 1
1 . 4 8
1 . 5 0
1 . 3 8
1 . 5 0
1 . 2 6 1 . 2 6  
1.  19
1.  09
0 . 9 4  
0 .  83
0 . 9 4
0 . 8 3
4 6 . 4 8 4 1 . 8 8 4 0 . 7 9
Table 1. Size o f the EcoRI fragm ents from  cosm ids B0420, F16F9 
and W 04H3.
The sizes (in kb) w ere calculated based  on the gel from F igure 19A an d  a re  show n 
following th e  layout of th a t  gel. N um bers in bold correspond to bands contain ing  
two fragm en ts of th e  sam e size (as es tim ated  from  band  in tensities). N um bers 
m arked  w ith  (*) correspond to fragm ents hybrid izing  to the in se rt from pBlueL.
1) B0420; 2) F16F9; 3) W04H3.
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6.21+0.94+0.83 7.36
Tel
7.88
B0420 ____
F16F9
10 kb----  W04H3
Figure 20. P artia l re s tric tio n  maps o f cosm ids B0420, F16F9 and 
W 04H3.
The E coRI fragm en ts hybrid izing  to th e  in sert from pB lueL are  m ark ed  in  black. 
A n en larged  view of th e  overlapping region from th e  th ree  cosm ids is show n a t  the 
top of th e  figure. Sizes (in kb) a re  indicated  below the fragm ents. T he approx im ate  
location of th e  T e l in sertio n  p resen t in the  dum py s tra in s  derived from  DR1013 is 
also indicated.
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Considering that Tel is 1.61 kb in length, its insertion 
in a 7.9 kb EcoRI genomic fragment would increase the size of 
this fragment to 9.5 kb, which is the size detected in the dumpy 
strains. This is shown in Figure 21, where genomic DNA from 
N2, WT-A, WT-C, DPY-A and DPY-C strains, together with XE4.2 
DNA, was digested with EcoRI, electrophoresed in an agarose gel 
and the DNA blotted to a nylon membrane. DNA on this 
membrane was then hybridized to the 32P-labelled insert from 
pBlueL.
3.2.5. Attempts to rescue the dumpy phenotype.
Since the cosmid F16F9 contained the 7.9 kb EcoRI 
fragment equivalent to the 9.5 kb fragment tagged in the dumpy 
strains derived from DR 1013, attempts were made to rescue the 
dumpy phenotype using this and the other two contiguous 
cosmids (B0420 and W04H3). This would provide confirmation 
that the wild-type sequence was the dpy-6 gene.
Two sets of microinjections were performed. In  the first 
set, DNA from each cosmid was separately injected into CB14 
hermaphrodites. Five animals were injected with each cosmid. In  
the second set, a mixture of all three cosmids was used for the 
microinjections (ten animals were injected). These same two sets 
of microinjections were repeated in a control experiment using 
DPY-C hermaphrodites. No wild-type transgenic nematodes were 
found amongst the F I progeny arising from these animals (more 
than 100 animals were analysed for each cosmid injected).
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Figure 21. S ou the rn  b lo t analysis o f EcoRI digested DNA from  
w ild -type  and d u m py  s tra ins  and >vE4.2 hybrid ized to the 
32P-labelled in s e rt from  pBlueL.
DNA w as digested  w ith  EcoRI an d  electrophoresed in a 0.5% agarose gel (2V/cm, 
overnight). DNA w as th en  b lo tted  to a nylon m em brane an d  hybrid ized  to the  
32P-labelled in se rt from  pBlueL.
1) N2 DNA (2 pg); 2) WT-A DNA (2 pg); 3) WT-C DNA (2 pg); 4) DPY-A DNA 
(2 pg); 5) DPY-C DNA (2 pg); 6) >,E4.2 (180 pg).
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3.2.6. Sequencing the cloned inserts from pBlueR and 
pBlueL.
ssDNA was prepared from these plasmids and 
sequencing was Initially performed using the KS primer. As 
shown in Figure 22, the exact Tel insertion point could then be 
determined. Tel is invariably inserted adjacent to a TA 
dinucleotide, which is duplicated in consequence of the insertion 
(Emmons, 1988; H. van Luenen, C. Vos and R. Plasterk, 
personal communication).
Sequencing then progressed by designing 
oligonucleotide primers complementary to the ends of the 
previously sequenced stretch of DNA. Using this sequencing 
strategy, a total of 2880 bp were determined (1427 bp from  
pBlueL and 1453 bp from pBlueR). In order to assemble a 
continuous sequence excluding the Tel insertion, the sequence 
data from pBlueL were reversed and complemented, the 
duplicated TA dinucleotide was removed and joined to the 
sequence determined from pBlueR.
3.2.7. Sequence analysis.
The sequence contains an ORF w ith 1857 bp 
(extending from position 193 to 2049), capable of coding for a 
protein containing 619 amino acids. When this sequence was 
analysed with programmes that predict potential coding regions 
(Staden, 1984bc; Fickett, 1982), the ORF appeared likely to be a 
coding sequence (Figure 23).
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Figure 22. Sequence o f pB lueL and pB lueR  near the  T e l 
inse rtion  po in t.
ssDNA w as p repared  from  both plasm ids an d  sequenced using  th e  KS prim er. The 
sequence corresponding to T el is ind icated  as well as  the  TA dinucleotide 
duplicated  a t  the  T el insertion  point.
Panel A: pBlueL; P anel B: pBlueR.
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Figure 23. DNA sequence analysis.
P o ten tia l protein-coding sequences w ere determ ined  by th re e  d ifferen t m ethods. 
The g rap h  in panel A w as plotted using  the Positional B ase P reference m ethod 
(S taden , 1984b). The m ethod takes advan tage of the  uneven  use of am ino acids by 
p ro te ins a n d  th e  s tru c tu re  of th e  genetic code tab le  an d  assu m es th e re  is a typical 
am ino acid  com position and  no codon preference. Each read in g  fram e of the 
sequence is rep resen ted  by a rectangle (fram e I in  the bottom ). P eaks re su lt w hen 
a p a r tic u la r  fram e gives consistently  th e  h ighest scores. T he vertical m ark s  in  the  
m iddle of each rectangle rep resen t non-sense codons. T he vertica l m ark s  a t  the  
bottom  of each rectangle rep resen t m ethionine codons. T he g raph  in p an e l B is a 
U neven Positional B ase F requencies plot (S taden, 1984b). T he b a r  d raw n  across 
th e  plot corresponds to a level th a t  is exceeded by 76% of know n coding sequences 
b u t is reach ed  by only 24% of know n non-coding sequences. P anel C corresponds 
to a F ick e tt testcode graph  (Fickett, 1982) and  is p lo tted  re la tiv e  to th ree  levels of 
decision: top  division corresponds to "coding", m iddle d ivision  corresponds to "no 
opinion" a n d  th e  bottom  division corresponds to "non-coding". Each division in the 
scales b e n e a th  the g raphs corresponds to 20 bp.
104
The complete nucleotide sequence and the 
corresponding amino acid sequence translated from the largest 
ORF is presented in Figure 24. This sequence has some features 
compatible with coding sequences. Just upstream of the start 
codon there are sequences similar to vitellogenin promoter 
elements described in C. elegans (Spieth eta l., 1985; MacMorris 
e ta l., 1992). One of these elements, identical to VPE1 (vit 
promoter element 1)**, has the consensus sequence TGTCAAT 
and is located 54 bp upstream of the putative starting codon.
The second site, similar to the TATA box (Corden et a l., 1980), is 
located 41 bp from the starting codon. Two sequences very 
similar to the consensus for donor and acceptor splice sites 
(Emmons, 1988) are found starting at positions 1069 and 1252. 
The C. elegans donor consensus sequence ([A/G]AG'GTAAGTT) is 
nearly identical to the general eukaiyote consensus (Mount, 
1982) whilst the acceptor sequence (TTTCAG'[G/A]) differs more 
extensively*2. These sites delimit a putative intron containing 
186 bp. Significantly, the coding sequence prediction scores are 
lower in this region. Sequences homologous to the 
polyadenylation signal can be found downstream of the 
termination codon. One of these sequences, starting at position 
2838, is identical to the polyadenylation signal functional in  
other eukaryotes (Proudfoot and Brownlee, 1976). Other putative 
polyadenylation sites that could be functional in C. elegans 
(T. Blumenthal, O. White and C. Fields; personal
** this element is similar to the mammalian CCAAT box.
*2 the eukaryote consensus sequences for donor and acceptor splice sites are
(C/A)AG'GT(A/G)AGT and (T/QuNCC/^AG'G, respectively.
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T  ▼ ▼ ▼
CTGTTAAAGTTACACCAAAATTGGAGCTTTCATTTGATGAGCCAACTGAA 5 0
T  T  ▼ ▼
ATCACAAAAGCTCCACATCCAGGCAAGTTGCTTGAAAAGTTTAAAACCAA 100
TAATTTAATTAACTTTTTACATGAATTAATTTAAAAATlilOliilGACA 150
CilfAlil'CTAACGGGAGAACGTGTCTCAAAGATAGAAAAATATGTATTC 200
M Y S 3
T  ▼ ▼ T
ACATTTATTATCAATACTTATTAGTTTGAATCAATTGATGAGAAGGTCTT 250
H L L S I L I S L N Q L M R R S F  20
TTGAAGGAGTCGAATTTATAGTAGATTTTAAAGAAAAACATATCATTTTG 300
E G V E F I V D F K E K H I I L  36
t  ▼ ▼ T
TTCTTTCGGACAATTTTGCACGTTACAGTGAAGCCAAGGAAAACGACGAC 350
F F R T I L H V T V K P R K T T T  53
TACAACCACCTCGACTACAACCACTACAGAGAAGCCAGTAATTACAGAGG 400
T T T S T T T T T E K P V I T E G  70
▼ T T Y
GGTCGAC C AC AAAC AAGC AGC C AAC AAC ATC TGAAC ATGAATC TACC AC T 450
S T T N K Q P T T S E H E S T T  86
Y  V  Y  Y
GAGGTAC CGACAACTAC GGAAGAGC CAAC CACCAC GACC GGACAACACAA 500
E V P T T T E E P T T T T G Q H K  103
▼ ▼ ▼ ▼
GACTGAGAAGGCAATTACTACAGAGGAACCAACTACTACTGAAGAATCAT 550
T E K A I T T E E P T T T E E S S  120
C C AC AAC TGAAGAAGTAAC TACC AC AGAGGAGC C AGC TAAC AC TGGAAAT 600
T T E E V T T T E E P A N T G N  136
Y  Y  Y  Y
C CGCC CACAACTGAAAACC CAACAACCACAGAACAGC CAAC CAGTACTGC 650
P P T T E N P T T T E Q P T S T A  153
Y  Y  Y  Y
CGAGTCAACTACCACGGCACTACCATTCACGACTGAGCAGACAGTTACCA 700
E S T T T A L P F T T E Q T V T T  170
Y  Y  Y  Y
C AGAGGAAC C AAC AACTGC GGAAAAGTC AAC C GCT AC TC AGAAGC CAAC A 750
E E P T T A E K S T A T Q K P T  186
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ACC AC AC AGGAGTC AGTTTCC AC GGAAAAGAC ATC CACTAC CAAAAAGGC 800
T T Q E S V S T E K T S T T K K A  203
ATC CACCACAGAGGAGC CAAC CACTAC TGATGAGC CAAC CACCAC GACAG 850
S T T E E P T T T D E P T T T T E  220
AGTCATCCACAACCGGCAAGGCAACAACCCCGGAGTTGTCAACTACTTCT 900
S S T T G K A T T P E L S T T S  236
T  ▼ T  T
GAAGAGACGACCACCACGGAATTGAAAATCACTACTGAAGGTTCAACGAC 950
E E T T T T E L K I T T E G S T T  253
▼ ▼ T  T
TACAGAAGAGCCAACCACTACAGCTATTTTCGCTGAAGCTTCAACCGGCA 1000
T E E P T T T A I F A E A S T G I  270
T  ▼ ▼ ▼
TTATTACAACTGACGAGGAAACAACATCAACCACCTCTACCACACCTGAG 1050
I T T D E E T T S T T S T T P E  286
▼ ▼ T  T
ATCAC GTCTACAAAAGAAA T C q ta a c tq a a t c t q c a a t c  a c t c  a a a c a t c  1100
I T S T K E I v t e s a i t q t s  303
T  ▼ T  ▼
c g t t t c t g t g g t c g a a a g t t c a a c c c c a c g c c a a c t g c c a g a a a g a t g g a  1150
v s v v e s s t p r q l p e r w k  320
a g g c g a t t g t c a a c a a g t t t . a a a c a c a a t c t t g a a g t a c t a a a g g a a a a g  1200 
a i v n k f k h n l e v l k e k  336
▼ T T Y
a a a c g a c t g t t g a a a g a a a a a g a g a g c a c g t c g a c t a c t g g a t c a g a t a g  1250 
k r l l k e k e s t s t t g s d s  353
t t c t g a g A CAACAACTGTAGTTGCTGAAAACATCGATGAGGTTACTACGA 1300
s e T T T V V A E N I D E V T T T  370
▼ ▼ ▼ ▼
C CGAGAAAGAGAAAGTTGTTC AGAC AAC ACC AATAAC AAC AGAAAAATC G 1350
E K E K V V Q T T P I T T E K S  386
▼ ▼ T  ▼
ACAAC AC AGGAAGAGACTACAAC AACAAC AACC ACCACGGAGAAGACTAC 1400
T T Q E E T T T T T T T T E K T T  403
T  T  ▼ T
ATC C AAAACTACT AC CGAAAAAC CAAC §?|£c ATC AGAATC C GC AAC AACGG 1 4 5 0
S K T T T E K P T  T S E S A T T E 420
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AGACGACAACATCAGAACCTTCAACTACAGAATCAACAACCGTAGATACA 1500 
T T T S E P S T T E S T T V D T  436
AGTTCCGCTACGACTGAAGAATCTTCCACAGCCGCGGAGACTACCACTAC 1550
S S A T T E E S S T A A E T T T T  453
▼ ▼ Y  Y
ATCTGCTGAAACTTCTGAAACAACAACATCAGAATCTGCAGCTTTTATCA 1600
S A E T S E T T T S E S A A F I T  470
Y  Y  Y  Y
C C GGAGAAT CAC C GGAGAATAC C GCAC TT CAGAGC TC TT CACAAAAGTC T 1650
G E S P E N T A L Q S S S Q K S  486
Y  Y  Y  Y
GAGGAAAATGAATCTTCAGCTGAAAAACCTGGAGCCCGTCGCGATTTTGT 1700
E E N E S S A E K P G A R R D F V  503
Y  Y  Y  Y
TCCAAAGAAACATAAAACTACCGTAAAACCAGCGGAGACCACTTC AGCGG 1750
P K K H K T T V K P A E T T S A V  520
Y  Y  Y  Y
TAGCAGCTTCAACAACTACCACGGAGCCAATCACCACCACAGAAAAAAGC 1800
A A S T T T T E P I T T T E K S  536
Y  Y  Y  Y
ACTACATTAGAAACTACCCCAATCGAGGCTACTACTTTGAATGAGGTTAC 1850
T T L E T T P I E A T T L N E V T  553
Y  Y  Y  Y
AGGGCCAGCATTCGTAACTGGTGCCCCAGTTGATGGTAATTCGAAATTTC 1900
G P A F V T G A P V D G N S K F Q  570
Y  Y  Y  Y
AGGCTGATAAATATTACCGATCTCTCTTTTTTTCAGAAACTACTATCAAC 1950
A D K Y Y R S L F F S E T T I N  586
Y  Y  Y  Y
ACTTTAGAATTGCTTAGTAAAATCAATAACACTCAAATTTCGCAGCCAAA 2000
T L E L L S K I  N N T Q I  S Q P K 603
ACCAACTGACATTTCCAAAACTGATGCACTTCGTCACTTATCAGTGGATT 2050  
P T D I S K T D A L R H L S V D  619
Y  Y  Y  Y
AATCGGATCGTTTACCAAAGCTCCAATGGCTCCTACGTGAGTTATACGAA 2100
Y  Y  Y  Y
ATTCTTTAATTCTCTAAATTATTTAATTTAATCTTTGATTTTCAGAATAC 2150
Y  Y  Y  Y
ATACCACCACCGACGCTGCATTTGTGACTGCAACTGAAGCGTCGTTGAAT 2200
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GACGGATCG|||1|||||^AGATCATTGATGAAGCACAACCAACAGATGAAAT 2250
T  ▼ T  ▼
CCGCAGAGCTCAACCAACAlifMiATGGACAAGGAAATGGAGTTTGAAA 2300
▼ ▼ ▼ ▼
AGAGGATTC GAGAACAACGGATC CAAATGGAGCAGGCAAAGCGGC TACC G 2350
T  ▼ T  ▼
AGGAAGAACTTTTGGAGAAACAACTCCAGGAGCAAGAAATTGAAGAAAAA 2400
▼ ▼ T  ▼
GCTCGA||||||||TGATAGAGAGAAAACAAAAAATGTTGCAGCAATTGGA 2450
▼ . T  ▼ T
AGAACTAAAGGAAGCCGAGGAACGTCAAAGAGTCCTTTTAGAGCAAGAGC 2500
▼ ▼ ▼ ▼
GTCTTCAAGAACAGGAAAGACAACGACTGATTGCAGAAAAAGAAGCTGAA 2550
T  ▼ ▼ T
ATTGCATTTGGTTCCATCTCCACAACTACAGAGGCCTCCAAATTCAAGTA 2600
▼ ▼ T  ▼
TAGATTGAGACCGGCACAGGTGAGTCAGATTAAGTGGGCTAAATCAAAGC 2650
▼ ▼ ▼ ▼
TGTAATTTTTAACGTTTCAAAAAGGCATACGTGTTCAAAATTATACAGTT 2700
▼ ▼ ▼ T
CAACTACTTGACCTTTTTACATATAGTTTCTGTTCGCAGGACTGACAATC 2750
▼ ▼ ▼ ▼
ACTGTTCGCAGGACTGACAATCCTGATGGGTTTTTGTTTAATTTTAACAC 2800
▼ ▼ ▼ ▼
AAGAAAT AC AT AGAC AAAAAC TAAGAC TAGTAATGTAAATAAATTGCAAA 2850
T  T  T
C CATTATAGATAATTTGGTTTAATAATTTG 2880
Figure 24. Nucleotide sequence determined from pBlueL and 
pBlueR.
Some of the highlighted putative sites present in the nucleotide and amino acid 
sequences are:
-promoter (CAAT and TATA boxes, positions 139 and 152, respectively); 
-splicing sites (positions 1069 and 1252); the sequence corresponding to the 
putative intron is in lower case (as is the amino acid sequence);
-Tel insertion site (position 1428);
-polyadenylation signals (positions 2210, 2270, 2407 and 2838);
-potential N-glycosylation sites (positions 489 and 595).
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communication) can also be found in the 3' end of the sequence 
(highlighted in Figure 24).
The analysis of the putative protein translated from the 
largest ORF reveals some features that are suggestive of a 
functioned peptide (Figure 25). The region encompassing the first 
forty amino acids from the translated protein is mainly 
hydrophobic, specially the first fifteen amino acids and a region 
spanning amino acids 20 to 40 is predicted to fold in an 
alpha-helix. The presence of this N-terminal hydrophobic 
segment is suggestive of a signal peptide, and considering that 
there is no other hydrophobic segment of appropriate length that 
could function as a transmembrane domain, the sequence could 
code for a secreted protein. The codon usage in the putative 
protein shows some similarity to the codon usage in abundantly 
expressed C. elegans genes (Table 2). The codon usage in 
C. elegans is highly asymmetric, specially in proline, serine and 
glycine codons. Although the asymmetry in this sequence is not 
as pronounced as that reported for other C. elegans genes, there 
is a general sim ilarity in the codon usage for the putative 
protein.
The amino acid sequence has some unusual features. 
First, almost 30% of the amino acids are threonine residues.
Also present in relatively high amounts are glutamic acid and 
serine residues. Together, these three amino acids account for 
more than half of the residues (Table 2). When the amino acid 
sequence is self-compared using a Diagon plot, the presence of a 
series of repeats is revealed (Figure 26). Most of the repeats, 34 
in total, are arranged in tandem and clustered in the first half of 
the sequence, near the amino terminus. These six amino acid
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Figure 25. Amino acid sequence analysis.
The graph in panel A corresponds to a charge plot for the amino acid sequence 
translated from the ORF extending from position 193 to 2049 in the sequence from 
Figure 24. Panel B shows a hydrophobicity plot using the method described by 
Kyte and Doolittle (1982). Panel C is a protein secondary structure prediction plot 
using the Garnier-Osguthorpe-Robson method (Garnier et al., 1978). The method 
divides protein secondary structures into four classes: coil (C), turn (T), extended 
or sheet (E) and helix (H). The probability for each residue being found in each of 
these classes is then calculated and plotted. Below, a strip labelled (D) is divided 
into four levels, each corresponding to one of the four structure types. For each 
residue the programme measures which of the four likelihoods is highest and 
places a single dot at the mid-point of the corresponding level. Each division in the 
scales beneath the graphs corresponds to 10 amino acids.
I l l
Amino
Acid Codon AA% codon%
C. e le g a n s  
codon%
Gly GGG 15.3 0.7
Gly GGC 15.3 3.3
Gly GGT 22.9 6.3
Gly GGA ro • H-1 46.4 89.6
Glu GAG 42.4 64.9
Glu GAA 13.7 57.6 35.1
Asp GAC 16.6 55.8
Asp GAT 1.9 83.4 44.2
Val GTC 10.7 43.8
Val GTG 10.7 4.9
Val GTA 39.3 2.1
Val GTT in•** 39.3 49.2
Ala GCC 12.2 44.5
Ala GCG 15.2 0.9
Ala GCA 33.2 7.4
Ala GCT 5.3 39.4 47.2
Arg CGG 9.1 0.5
Arg AGG 18.2 1.8
Arg AGA 18.2 15.6
Arg CGA 18.2 3.2
Arg CGT 18.2 46.8
Arq CGC 1.8 18.2 32.1
Ser AGC 4.4 6.8
Ser AGT 8.8 3.6
Ser TCG 8.8 5.0
Ser TCC 16.2 35.1
Ser TCT 25.0 37.0
Ser TCA 11.0 36.8 12.3
Lys AAG 40.5 84.2
Lys AAA
00•VO 59.5 15.8
Asn AAC 46.7 75.6
Asn AAT •
CM 53.3 24.4
Met ATG 0.3 100.0
He ATA 11.9 0.6
lie ATT 44.0 35.2
lie ATC 4.0 44.0 64.2
Thr ACG 10.3 1.0
Thr ACC 23.8 60.2
Thr ACT 31.9 33.7
Thr ACA 29.8 34.0 5.1
Trp______TGG______0. 2 100 .0
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Amino
Acid Codon AA% codon%
C. e le g a n s  
codon%
Cys TGT 0.0 16.9
Cys TGC 0.0 0.0 83.1
End
End
End
TAG
TGA
TAA 0.2
0.0
0.0
100.0
Tyr TAC 33.3 78.9
Tyr TAT 0.5 66.7 21.1
Phe TTC 28.8 14.9
Phe TTT 2.3 71.2 85.1
Gin CAA 37.6 77.9
Gin CAG 2.6 62.4 22.1
His CAT 50.0 26.2
His CAC 1.3 50.0 73.8
Leu CTC 4.1 35.5
Leu CTG 8.3 2.0
Leu CTA 8.3 0.0
Leu TTA 20.9 0.8
Leu CTT 20.9 47.4
Leu TTG 3.9 37.5 14.3
Pro CCC 2.9 1.6
Pro CCT 8.8 1.2
Pro CCG 11.7 2.8
Pro CCA 5.5 76.6 94.4
Table 2. Codon usage table.
The codon usage table was compiled for the amino acid sequence translated from 
the ORF extending from position 193 to 2049 in the sequence from Figure 24. The 
C. elegans codon usage table summarizes data on 3492 codons from the genes for 
vitellogenins, actin, collagen, major sperm protein, myosin heavy chain and 
histones (compiled by Emmons, 1988).
AA% - percentage of the particular amino acid;
codon% - codon usage for the protein translated from the ORF;
C. elegans codon% - codon usage for C. elegans.
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Figure 26. D iagon p lo t and am ino acid sequence trans la ted  from  
the largest ORF.
The g raph  corresponds to a self-com parison of the am ino acid sequence using  the  
proportional a lgorithm  of the program m e Diagon (S taden, 1982), an d  contains a 
rep resen ta tio n  of all th e  m atches betw een th e  p a ir  of sequences (the sam e 
sequence being  p lotted  on X and  Y axis). In  th is  type of plot, rep ea ts  ap p ear as 
lines para lle l to th e  m ain  diagonal (resu lting  from  perfect identity). The rep eats  
a re  h ighlighted  in  the  sequence (bottom). The am ino acid sequence tran s la te d  
from th e  region corresponding to th e  p u ta tiv e  in tron  is show n in  italics. Two o th er 
m otifs found in som e m ucin sequences a re  also underlined . E ach division in  th e  
scale b en eath  th e  graph  corresponds to 10 am ino acids.
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repeats have the consensus sequence TTTEEP (Table 3).
However, this consensus is not very well conserved amongst the 
repeats, but an overall pattern is clearly detectable. The least 
conserved amino acids are the last two in the repeat unit. This is 
because the first nucleotide position in these codons is less 
conserved, with frequencies comparable to the third (wobble) 
nucleotide position in the other codons (Table 4). Other 12 
repeats can be found scattered in the second half of the 
sequence. Another significant feature in the translated sequence 
is that the amino acid composition in the region corresponding 
to where the putative intron is located differs considerably from  
the surrounding sequences. This region does not have any of the 
repeats found elsewhere in the sequence, nevertheless is 
immediately flanked by two of them (Figure 26). Two potential 
sites for N-glycosylation are present in the deduced amino acid 
sequence, located at positions 489 and 595.
When the current databases are searched using FASTA 
or TFASTA (Lipman and Pearson, 1985; Pearson and Lipman, 
1988), the translated amino acid sequence has no significant 
homology to any protein. However, the high threonine and serine 
content is suggestive of a class of proteins named mucins. 
Mucins and mucin-like glycoproteins have been isolated as the 
constituents of viscous gel-like matrices covering the surface of 
the gastrointestinal, urogenital, and tracheobronchial tracts, the 
oral cavity, and the integument of many species. All mucins 
contain characteristic serine/threonine-rich domains, which are 
heavily O-glycosylated with a carbohydrate content of up to 80%. 
When the various mucin (or mucin-like) sequences cloned from 
different organisms are compared, they show very little or no
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AA 1 2 3 4 5 6 Total
T 58.8 82.3 85.3 5.9 0 8.8 40.2
E 0 0 0 64.7 38.2 2.9 17.6
P 2.9 0 2.9 0 0 44.1 8.3
S 14.7 5.9 5.9 0 0 23.5 8.3
K 0 2.9 0 2 20.6 2.9 5.4
A 2.9 2.9 2.9 8.8 0 8.8 4.4
Q 0 0 0 5.9 8.8 2.9 2.9
6 0 0 0 5.9 8.8 0 2.4
V 8.8 0 0 0 2.9 2.9 2.4
I 5.9 2.9 0 0 2.9 0 2.0
N 0 2.9 2.9 0 5.9 0 2.0
L 0 0 0 0 8.8 0 1.5
F 2.9 0 0 0 0 2.9 1.0
H 2.9 0 0 0 2.9 0 1.0
D 0 0 0 2.9 0 0 0.5
Table 3. Amino acid sequence composition of the repeat units.
The table presents the amino acid composition of the repeat units from the 
translated putative protein. Only those repeats arranged in tandem were used to 
compile this table. Amino acids not shown were absent from all repeats.
The columns in the table are:
AA - amino acid residue (one letter code);
1 to 6 - percentage of the particular amino acid in the indicated position of the 
repeat unit;
Total - percentage of the particular amino acid in all positions of the tandem 
repeats.
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N 1 2 3 4 5 6
T 1 7 . 6 1 7 . 6 2 6 . 5 2 . 9 2 . 9 4 1 . 2
C 5 . 9 79.4 5 0 . 0 0 1 1 1 1 3 8 . 2
A m m 2 . 9 2 0 . 6 m m m 5 . 9 1 4 . 7
6 1 1 . 8 0 2 . 9 2 . 9 2 . 9 5 . 9
N 7 8 9 10 11 12
T 5 . 9 0 3 8 . 2 0 0 5 . 9
C 2 . 9 917 . 1 8 . 8 5 . 9 1 4 . 7 8 . 8
A 2 . 9 2 9 . 4 1 1 . 8 mm 4 7 . 1
G 2 . 9 0 2 3 . 5 11 5 . 9 3 8 . 2
N 13 14 15 16 17 18
T 5 . 9 1 4 . 7 1 1 . 8 2 6 . 5 5 . 9 0
C 1 4 . 7 0 2 . 9 4 7 . 1 m m 2 . 9
A 2 9 . 4 76.5 2 0 . 6 1 1 . 8 8 . 8 85.3
G 5 0 . 0 8 . 8 64.7 1 4 . 7 0 1 1 . 8
Table 4. Nucleotide frequency fo r the d iffe ren t codon positions in  
the tandem  repeat un its .
The frequencies h ig h er th a n  60% a re  highlighted . Only those rep ea ts  a rran g ed  in 
tan d em  w ere used to compile th is table.
The colum ns in th e  tab le are:
N- nucleotide;
1 to 18 - percentage of a p a rticu la r nucleotide in the  ind icated  codon position of 
th e  rep ea t un its.
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conservation at the primary structure level. However, all mucins 
have in common the presence of a series of repeats which are 
mainly composed of threonine and serine residues and often 
arranged in tandem. Figure 27 shows Diagon plots of nine 
mucin sequences self-compared and the corresponding amino 
acid sequence with the repeat motifs highlighted. The sequence 
for rat mucin (Figure 27G) has a very similar repeat motif. There 
are 59 repeats arranged in tandem, with a consensus sequence 
TTTPDV. Two other motifs, AVAA and DISK, present in the 
amino acid sequence translated from the largest ORF are also 
found in the human and Xenopus laevis mucins (Figure 27B, D 
and H).
3.2.8. Analysis of upstream sequences by la d  
translational fusions.
Since the sequence data suggested that the entire 
coding sequence including regulatory elements were cloned, the 
potential involvement of sequences upstream of the methionine 
codon in the expression of the putative protein was analysed by 
constructing and testing via DNA transformation of C. elegans, 
lacZ translational fusions using the pPD21.28 vector. The 
approach involved cloning the putative regulatory sequences 
including the first three amino acids in-frame with the lacZ gene 
in pPD21.28.
The strategy comprised designing and synthesizing 
three oligonucleotide primers to be used in PCR reactions to 
amplify specific segments from pBlueL (Figure 28), which
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A
Bovine sub m a x illa ry  g land 
m u c in -like  prote in . 
Bhargava et al. (1990).
M KVLQ ENSPRHAISG SSHTEATTLIVSNSTSG TGLRPED NTAVAG GQATG 
R V T lilk V IP G T X V A P G S S H X E S T X S L G E S R T R IG R IT G A T T G T S K R S S P  
G SK TG N TG A IS^ ^ M J d c ^ ^ ^ V ^ i ^ i r g l S G E T T O G G IK IV T M G V T T d T ^  
iA PG SSN T K A T T PT E V R T T T E V R T A T E T T T SR H SSD A T G SG IQ T G IT G T G  
S GTtPS S P  GGFNAE AT T FKE H VRT T E T R IL  S GTTRGRS G!WfVX#ES StWJGT 
STG V G R Q TSTA V V SG R V TG V SESSSPG TSK EA SETTTG PG ISTTG STSK S 
N R IT T SSR IPY PE T T V V A T G E Q E T E T K T G C T T SL PPPPA C Y G PL G E K K SP 
GDIW TANCHKCTCTDAETVDCKLKECPSPPTCKPEERLVKFKDNDTCCEI 
AYCEPRTCLFNNNDYEVGASFADPKNPCISYSCHNTGFVAVVQDCPKQTW  
CAEEDRVYDSTKCCYTCKPYCRSSSVNVTVNYNGCKKKVEMARCAGECKK 
T IK Y D Y D IFQ L K N SC L C C Q EE N Y E Y R E ID L D C PD G G T IPY R Y R H IITC SC  
LDICQ Q SM TSTVS
B
H um an po lym orph ic  ep ithe lia l 
m ucin .
Lancaster et al. (1990).
M T PG T Q SPFFL L L L L T V L T W T G SG H A SST PG G E K E T SA T Q R SSV PSST E  
KNAVSM TSSVLSSHSPGSGSSTTQGQDVTLAPATEPA|Jg$§ATW G QDVTS 
VPVTRPALGSTTP PAHDVTSAPDNKf o l  I ' M  M  U M  i M  »> J3PAPGS
TAPPAHGVTSAPDNR r3 :W --W ;V Jitj:i., kW d:*SGSASGSA STLVHNGTSAR
A T T T PA SK ST P FS IP SH H S D T P T T L A S H ST K T D A S S T H H S T V P PL T S S N H
ST SP Q L S T G V S F FF L S F H IS N L Q F N S SL E D PS T D Y Y Q E L Q R D ISE M F L Q I
Y K Q G G FLGLSNIKFRPG SW VQLTLA FREGTINV HDV ETQFNQ YKTEA AS
R Y N LTISD V SV SD V PFPFSA Q SG A G V PG W G IA LLV LV CV LV A LA IV Y LIA
LAVCQCRRKNYGQLDIFPARDTYHPM SEYPTYHTHGRYVPPSSTDRSPYE
KVSAGNGGSSLSYTNPAVAATSANL
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S' ' f t f t / / /  '■ '■ 
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C
Mouse (M il s  masculas) m am m ary 
ep ithe lium  m uc in .
Spicer et al. (1991).
M TPG IR A PFFLLLLLA SLK G FLA LPSEEN SV TSSQ D TSSSLA S§§ggfPV H S 
SNSDPATRPPGDSTSSPVOSSTSSl ^ V ^ M U ^ ^ i ^ r ^ j l ^ K n i ^ ATTAP  
VHSASSPVAHGDTSSf^ ^ i> ^ » k lf fc ^ iW lik { ^ ^ k iAATTAPVDSTSSPV 
VHGGTSSg^£iii£i»l£k^
* iW M ifcfcl -±Vi\ 11Q »> .EEte ATSLSEDS AS SPVAHGGTSS
________ |A S IQ N IK T T S D L A S T P D H N G T S V |g |gS S A L G S A T S P D H S G T S ||g
U N S S E S V L A T T P V Y S S M P F S T T K V T S G S A I I P D H N G S S V X i P T S S V l i G S A T
SL V Y N T SA IA T TPV SN G T Q PSV PSQ Y PV SPT M A T T SSH ST IA SSSY Y ST V
P FS T F SS N S S PQ L SV G V S FF F L FF Y IQ N H P FN SS L E D P S SN Y Y Q E L K R N I
S G L F L Q IF N G D F L G IS S IK F R S G S W V E S T V V F R E G T F S A S D V K S Q L IQ H
K K E A D S Y N L T I S E V K V N E M Q F P P S A Q S R P G V P G W G I A L L V L V C I L V A L A I
VYFLALAVCQCRRKSYGQLDIFPTQDTYHPM SEYPTYHTHGRYVPPGSTK
RQPYEEVSAGNGSSSLSYTNPAVVTTSANL
50
1 0 0
150
2 0 0
250
300
350
400
450
500
550
600
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D
",-/////
Xenopus laeuis in tegum enta ry  
m u c in  FIM -B. 1 (pa rtia l sequence). 
Probst et al. (1990).
P A P S E T T G E S T ^ * > A P SETTGEST sWiiiPAPSET
TGESTI A'J APS ETTV PSV PSG EST ^ V J ^ f rH E L R I I P P
E V S T V A V P V T T G Q I T P A V T T E H S T E E I L T L P P P V V G P V L P A K P T V D I S K Y iso 
T N T T T T K S T V P T T T I P P K A T C C G S S G E S V Q A G H M W Q T G C D V C T C N G T S G K  200 
T Q C A P R Q C E K E I I C K S D E R R V L R K P G K S C C G Y C E P L T C K H N G T E Y K L G A T  250 
F I D K S N P C I T Y R C D A S G L T V N V K S C P N E Q V C S K S E R T Y D S D G C C F S C D T S  300 
C K P V P A T V G I Q G E Y D Y Q N E K T N C S A N I I M A K C S G Q C Q H K L T Y D T I D N K W  350 
T K C R C C K A D R V E P R K A H L V C D N G K K K I Y K Y K H I T S C K C T S C T A Y N I R L  39s
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Rat (Rattus sp.) m u c in -like  
peptide (partia l sequence). 
Xu eta l.  (1991).
PST PST T SSK STPTTPTSSQTTTj
1 0 0
NW EIVELECNPPPM PTCSNGLKPVRVPDPDGCCW HW ECDCYCTGW GDPH iso  
FVTFDGLYYSYQGNCTYVLVEEITPTVDNFGVYIDNYHCDANDKVSCPRT 2 0 0  
LIVHHETQEVLIKTVHM M PIEVEVQVNKQLVALPYKKYGLEVYQSGINFV 2 5 0  
VD IPRLGA QV SY N G LSFSIRLPY H LFG N N TK G Q CG TCTN N TA D D CILPSG  3 0 0  
EIISN C EV A A D EW LV N D PSK PH C PH K G LTTK R PA ITTPG PFPEN C TV SPV  3 5 0  
CQLIM DSLFSQCHPFVPPKHYYEACLFDSCFVAGSGM ECASVQAYAALCA 4 0 0  
QEGVCIDW RNHTQGACAVTCPAHRQYQACGPSEEPTCQSSSPKNSTLLVE 4 5 0  
GCFCPEGTTKFAPGYDVCVKICGCVGPDNVPREFGEHFEFDCKDCVCLEG soo 
GSGIVCQPKKCARGNLTTCEEDGTYLVVEADPDDKCCNTTSCKCDPKRCK sso 
AERPSCLLGFEVKSEHVPGKCCPVYSCVPKGVCVHENAEYQPGSPVYSNK soo 
CQDCVCTDSM DNSTQLNVISCTHV PCNISCSSG FELVEVPGECCKKCQQT sso 
H C IIK R P E Q Q Y IIL K P G E IQ K N P N D R C T F F S C M K IN N Q L IS S V S N IT C P D  7 0 0  
FD PSD C V PG SITY M PN G C C K TC IH N PN N TV PCSA IPV M K EISY N G C A K N I 7 5 0  
SMNFCAGSCGTFAMYSAQAQDLDHGCSCCREERTSVRMVSLDCPDGSKLS eoo 
HSYTHIESCLCQGTV CELPQ A QQSRTRRSSPRLLG RK 837
F
Trypanosoma cruzi m ucin .
Reyes eta l.  (unpub lished , EM BL 
database accession nu m be r 
L20809).
PTTTT 50
1 0 0rf 4idi ill M  ^ P T T T T T T T T K P fU* 4nji4i4i4i4nM (T^P T T T T T T T T T A P E  AP S IT T tP E T  
PNTTTTRAPSSIRRIDGSLGSSAW ACARCFSPHPRW RTPLW AEEVCAGCA iso 
CE HS ATGKC VLLPWS D V i«7
1 2 1
'/.'//M Y .
W -
G
Rat (Rattus norvegicus) in te s tina l 
m uc in  (pa rtia l sequence).
G um  et al. (1991).
G T T T V D F jj  
T T P D V ji
TTAEF
TTADV
TTPDV
TTAEV
TTPDV
TTAGV
TTPEV
TTPDV
TTADV
TTPDV
rTTPGVjj 
rXTAGIjj
TTAGV
TTPDV
TTPDT
5JJ232TTTASVjj 
[jgjTTTADVi;
TTTPDVaJESjT 
rTTAGVgEB SgTTT 
r T T P Q V T T T T  E t t t v d  
TTTSDVgTTPDV
m i  
tttagvjt
TTPDV
TTPDV
TTPRV
rTTAGV55H222TTTPDAjJJ3 250 
T T T P D v iJU jja T T T A sv iiiiS
r T T P  a v J J J 3 3 J J t t m  p v  i  f f g j g  350
t g l f y g p r c e e v m e s v e i k p t v s a s v e v s v t v t s q e y s n e l q d r n s t
✓
H
Xenopus laevis in tegum enta ry  
m uc in  FIM-C. 1 (pa rtia l sequence). 
Hauser and H offm ann (1992).
APTTAAAVAATGKDTTAAAEGSAAAEKTAAAGEVSAPPTAAVAATGEDAT
TATGKAP AT AAAP V PT T AAS KAPTTAAAAT H S T AAAAAE^TTAAS AAKS KE 
R STSSSSEEEH CHVKPSKREMCGSKGITKKQCKKKNCCFDPKGHGGIHCF 
HRKPKGHSHEE HTTTTTKAPTT1 0 1 Ay W TPTTTTTTK
ATPTTTTTTKAj, W W W W W M W  ;*TrTTPTTTTTTTFTTTTTK Apj'fl’dil 
? ig ^ SGECKMEPSKREDCGYSGITESQCRTKGCCFDSSIPQTKWCFYTLSQ 
VADCKVEPSQRVDCGFRGITADQCRQKNCCFDSSISGTKWCFYSTSQVAA
50
1 0 0
150
200
250
300
350
400
450
500
550
600
650
662
PTTTTTTPTTTTTTTTTTK
TTTPTTTTTTTTTTK
[ J t t t t p
TTTTPTTTTTKAiii»4<mU^4i>I<mmmU^4<4JUiHiK ‘^yrT T T  PTTTTTTPTTTTTKA 
,ii^ iH ^ * » » » » » » ^ 3 & T T T T SG E CKMEPSKRADCGYPGITESQCRSKG 
CCFDSSIPQTKWCFYSLPQVADCKVAPS SRVDCGFGGITADQCRQRNCCF 
DSSISGTKWCFYSTSQGNAMCSGPPTKRRDCGYPGISSSVCINRGCCWDN 
SVMNVPWCFYRT
^899999999999999999999
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•? - m . m -  ' H v :
Canine tracheobronch ia l m uc in  
(pa rtia l sequence).
S hankar eta l.  (1992).
N P G T G A G C S R M S I L K I H A R E I F D S R G I P T V E V D L Y T T K G L F R A A V P S G A S  so 
T G I Y E A L E L V T M T R T P T G K V S Q K A V E T S I K T I A P A L I S K N V N W G A K T R L  ioo 
T T T D A G T W M D Q R T R A S G T T T Y P P Q A G P Q T P T P L S T P A S S S G P Q P R F Y P S S  iso 
V L S A V S E T T P T T T T L R P Y P S S V L I C C S L T T P S T A P G E E V Y N G G I R Y S S L S  2 0 0
P T P I S ^
L
T T T T V T P T P T P T G T Q T P T T V L i g  
S Q K L R G S D T P V L V I A L V T P T P T P T G T Q T P T T T P I t j
TTTV TPTPTPTG TQ TPTTTPI
TTTM PTPTPT
- -----
250
300
350
400
450
500
TTTT
TTTGVTPTT
H R H T R H Q T T T T H T T Y T T V T A IA T P T G T R P T T Y L H T T T T V T Q T T H R Q T T R P
TTTTTVTPTP
2 J J 2323Q P R Y Y T T T T T M T P T P T P P T P H T D H H H D P L P P P P P Q V R H H R T P R  550 
H C H E L T S G S P L T H Y P N T P T T N L L E K N R S E L I N T P T H T M I I S S A A M A T P P S  eoo
650 
700
G R V P R V G A L T D S T Q H T S R K A IK C K A G V P N E E L T T Y IA C A S A L Q S E T C A A D  7 5 0  
M I A T A T I H T T T S R S I R K P K T I S E L T T Y A C A S T A A S V G T V V Q L D M I A T G G L  soo
TTTV TPTPTP
T G T Q T P T T T P S P P P P G D S Q k G K T V Y K I I G S L R T T F N L P A W L G Y I T I C K C L  900 
M Q S N R K T K T A E T IN V K T L G S L M M D V T P IN S C R V T P P F P S G K P C A D S R L M N  9 5 0
n is i i i i i i i iQ H P  100oTA PTPTP
M G C G P T L L S A G V G G V G C R G C C A L S G C V S E V A G R G T G Q N Q T G P C P IIE A L A  noo 
K Y N Q L L R L K R L G S K A P F A G R N F R N P R IN  1 1 2 s
Figure 27. D iagon plots and corresponding am ino acid sequence 
from  d iffe ren t m ucins.
The am ino acid sequence from nine d ifferent m ucins was self-com pared using  th e  
proportional a lgorithm  of Diagon (S taden, 1982). The am ino acid sequences are  
show n u n d e r the  g raphs, w ith the  rep ea t m otifs h ighlighted. Two o ther motifs, 
AVAA an d  DISK (sequences B, D and  H), th a t  a re  also found in th e  C. elegans  
p u ta tiv e  p ro te in  a re  doubly underlined. E ach division in  th e  scale b en ea th  the 
g raphs corresponds to 10 am ino acids.
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Kpn  I 
EcoRV
amp
Ter
6000 1000
p B lu e L
5000 2000
Exp01 
Exp02 j
4000 3000
SacI
EcoRI
EcoRV
EcoRI
l e f t
Figure 28. S trategy fo r c lon ing sequences upstream  o f the 
m eth ion ine  codon in  the pu ta tive  prote in .
A m ap of th e  p lasm id pB lueL is show n together w ith  th e  location of 
oligonucleotide p rim ers T3', ExpOl an d  Exp02 (indicated by arrow s) used  to 
am plify two fragm ents from pBlueL to be cloned into the  pPD 21.28 expression 
vector. T here are  two regions m arked  in th e  insert: seq.L, corresponding to p a r ts  
w here th e  sequence h as  been determ ined , an d  left, not sequenced. The location of 
the  am picillin  resistance gene from pB luescrip t is also indicated.
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contains the amino terminus of the putative protein. The three 
primers designed were:
1) ExpOl, containing a BamHI site and hybridizing to the region 
where the putative start codon is located;
2) Exp02, containing a PstI site and hybridizing to the sense 
DNA strand approximately 200 bp upstream of ExpO 1;
3) T 3 \ hybridizing to the region in pBluescript where the T3 
promoter is located, approximately 2.5 kb upstream of ExpO l. 
Figure 29 shows the sequence and the hybridizing sites for these 
three primers. They would allow the amplification of two DNA 
segments, from ExpOl to Exp02, and from ExpOl to T3'. Both 
PCR products would have a PstI site at one end*3 and a BamHI 
site located in the ExpO 1 primer. This primer includes the first 
three codons from the putative protein, which could then be 
cloned into the BamHI site present in the polylinker of pPD21.28 
while maintaining the reading frame respectively to lacZ 
(Figure 30).
ssDNA from pBlueL was used as the target for PCR 
amplification in two separate reactions, using the ExpO l/Exp02  
and Exp01/T3' primers. The PCR products (Figure 31 A) were 
purified by successive extractions with phenol, 
phenol-chloroform and chloroform, followed by ethanol 
precipitation. The purified DNA was digested with BamHI and 
PstI and ligated to BamHI/PstI digested pPD21.28. Competent 
XL 1-Blue cells were then independently transformed with both 
constructs and plated on L-agar plates containing ampicillin, 
X-Gal and IPTG. Most of the transformant colonies were pale
*3 located either in Exp02 or in the polylinker of pBluescript.
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3 ' T3
ATGACCATGAT TACGCCAAg JAAAGGGAACAA
---------------- -I----------------- +-----------------+-----------------+----------------- +
TACTGGTACTAATGCGGTTCGCGCGTTAATTGGGAGTGATTTCCCTTGTT
AAGCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCC
 +  +  +  +  +
TTCGACCTCGAGGTGGCGCCACCGCCGGCGAGATCTTGATCACCTAGGGG
Pst I
C G G G C TG C A G GAATTCGATATC
 +  + —
GCCCGACGTCCTTAAGCTATAG A
Pst\
B
E| Exp02
77777773
 +  +
GACAATTTCAATGTGGTTTT
TTGGAGCTTTCATTTGATGAGCCAACTGAAATCACAAAAGCTCCACATCC
---------------- -I----------------- +---------------5 0 -----------------+----------------- +
AACCTCGAAAGTAAACTACTCGGTTGACTTTAGTGTTTTCGAGGTGTAGG
AGGCAAGTTGCTTGAAAAGTTTAAAACCAATAATTTAATTAACTTTTTAC
 + +--------------10 0-----------------+-------- — — +
TCCGTTCAACGAACTTTTCAAATTTTGGTTATTAAATTAATTGAAAAATG
ATGAATTAATTTAAAAATTGTCAATGGACACTATATTTCTAACGGGAGAA
------------------+ ------------------- + -------------- 150----   4--------------------+
TACTTAATTAAATTTTTAACAGTTACCTGTGATATAAAGATTGCCCTCTT
M etm m erm & L eum m erm m h em
CGTGTCTCAAAGATAGAAAAATATGTATTCACATTTATTATCAATACTTA
 + --------------------+ ---------------2 0 0 ------------------- + ------------------ +
lAAATAATAGTTATGAATGCACAGAGTT^ CTATCTTTTTATACATAAGTGT
CCTAGGCCExpOl
BamHI
Figure 29. Sequence and location o f the o ligonucleotide p rim ers 
T 3 \ ExpO l and Exp02.
P artia l sequence d a ta  from pBlueL are  shown. The sequence in  panel A 
corresponds to pB luescrip t, up to the  2£coRV site  in th e  vec to r/insert boundary . 
The dotted  lines rep resen t p a rts  of th e  cloned in se rt th a t  w ere not sequenced. The 
sequence in  panel B corresponds to the  sequenced p a r t of pB lueL close to th e  
p u ta tiv e  s ta r t  codon (the num bering  is identical to th a t of F igure 24). T he firs t 
nine am ino acids a re  indicated. The p rim ers a re  outlined in black. The B a m  HI 
and  P s tI  s ites  in ExpOl an d  Exp02, respectively, a re  show n underlined  in  italics. 
Also h ighligh ted  is the  P s tI  s ite  dow nstream  from th e  T3' p rim er w hich w as used 
for cloning the  la rg er PCR product am plified using  the Exp01/T3' p rim ers.
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A
G TCT CAA £
ExpOl
Met Tyr Ser Gin Asp
r rftvy
BamHI
GA TAG AAA AAT ATG TAT TCA CAG G A T CCG G
B
ATG ACC ATG ATT ACG CCfjJ AGC TTG CAT GCC TG C  AGG TCG
polylinker Pst I
Pro Arg Asp Trp Pro
BamHI
pMlipil tac taa cat illlI S
Synthetic intron cassette
Glu Asp Pro Trp ^rg Val Pro Ser Ser Glu Lys Met
GTA C£G AGC TCA GAA AAA ATG
Thr Ala Pro Lys Lys Lys Arg Lys Val
CT GCT CCA AAG AAG AAG CGT AAG GTA C
Pro Val Gly Glu 
ZG GTG GGT GAA
nuclear localization signal cassette
Asp Gin Lys Gin His Leu Glu Leu Ser
GAC CAG AAA CAG CAC CTC GAA CTG AGC
trpS linker region
Gin Arg Phe Asn Ala Leu Tyr Gly Glu
CAG CGT TTC AAC GCG CTG TAT GGC GAG
Arg Asp lie Ala 
CGC GAT ATT GCC
lie Asp Pro Val
Arc gat ccc [egg
Val Leu Gin Arg Arg Asp Trp 
E. coli lacZ coding region
Figure 30. pPD21.28 tra n s la tio na l fus ion  constructs .
Panel A corresponds to th e  las t 38 bases of the  predicted  sequence for a PCR 
product am plified using  Exp02 or T31 and  ExpOl prim ers. The first five am ino 
acids a re  indicated, up  to the  B am H I site. P anel B corresponds to th e  p artia l 
sequence from pPD21.28, from the  polylinker up  to th e  firs t e igh t am ino acids 
from la cZ . The tran s la te d  am ino acid sequence, s ta r tin g  im m ediately  a fte r the  
B am H I site, is also indicated. The in tron  sequence in th e  syn thetic  in tro n  cassette  
is show n in lower case. The eight codons corresponding to the  n u clea r localization 
signal a re  underlined . All re levan t individual com ponents (cassettes) of th e  vector 
a re  ind icated  u n d er th e  respective h ighligh ted  sequences.
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blue, together with a few blue and white colonies. When plasmid 
DNA was prepared, digested with restriction enzymes and 
analysed by agarose gel electrophoresis, only the pale blue 
colonies contained the desired constructs. Figure 3 IB  shows the 
DNA prepared from some recombinant colonies digested with 
BamHI and PstI, and electrophoresed in an agarose gel. The 
construct containing the 2.5 kb fragment was named pPRO-B 
and the other construct, containing the 200 bp fragment, was 
named pPRO-S.
Both constructs, pPRO-B and pPRO-S, were 
independently injected into C. elegans N2 animals. Ten 
hermaphrodites were injected with each plasmid (together with 
pRF4, the plasmid containing the rol-6 gene), and more than one 
hundred F3 animals exhibiting roller phenotype were then 
stained with X-Gal. Both plasmids failed to produce animals 
with identifiable nuclear staining.
A
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B
Figure 31. PCR am p lifica tion  o f sequences upstream  o f the 
m eth ion ine  codon in  the pu ta tive  p ro te in  and c lon ing  in to  
pP D 21.28.
Panel A shows an  agarose gel e lectrophoresis of the  PCR products ob ta ined  w hen 
using  th e  T3'/Exp01 (lane 1) an d  Exp02/Exp01 (lane 2) p rim er com binations to 
am plify sequences from  the pB lueL plasm id. 2 ng of pBlueL ssDNA  was used  in 
th e  PCR reactions. A nnealing  w as perform ed a t  50°C (30 seconds), followed by 
p rim er extension (72°C for 1 m inu te) an d  d en a tu ra tio n  (94°C for 30 seconds), 
d u rin g  30 cycles. Sam ples corresponding to 1/20 of th e  PCR reac tion  w ere 
w ithd raw n  an d  electrophoresed in  a 0.6% agarose gel. The PCR products were 
d igested  w ith  B am H I and  P s tI  an d  cloned into B a m H l/P s t l  d igested  pPD 21.28. 
A fter tran sfo rm atio n  of X L l-B lue cells, DNA from several colonies w as p repared , 
d igested  w ith  B am H I and  P s tI  an d  ana lysed  by electrophoresis in  a 0.7% agarose 
gel (panel B).
K) 1 kb ladder; 1) PCR using  T3'/Exp01 p rim ers; 2) PCR using  Exp02/Exp01 
prim ers; 3) DNA from  pPD21.28; 4-8) DNA p rep ared  from reco m b in an t colonies 
carry ing  the  cloned PCR product am plified using  T3'/Exp01 p rim ers; 9-14) DNA 
prepared  from  recom binant colonies ca rry in g  the cloned PCR p roduc t using  
Exp02/Exp01.
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4. DISCUSSION.
4.1. The collagenolytic activity in C. elegans is 
associated with the cuticle material.
The cuticle of C. elegans Is composed m ainly of distinct 
collagen molecules (Cox e ta l ., 1981b; Ouazana and Herbage, 
1981; Edgar et a l., 1982). During the life cycle four moults 
occur, when a new cuticle is synthesized and the old cuticle is 
shed. U ntil now there is no information available regarding the 
involvement of collagenases or other proteinases in the moulting 
process. It is not clear if the release of the old cuticle is a simple 
mechanical process, driven by the synthesis of a new cuticle by 
the hypodermal cells, or if some kind of m atrix degradation 
takes place.
The results from the assays using substrate gels 
indicated that there was a collagenolytic activity in C. elegans 
and that it was present associated only with the cuticle. No 
activity could be detected in the supernatant from sonicated 
worms. From the two methods used for treating cuticle 
preparations, the collagenase activity could only be detected in  
the extracts prepared using Calcium to dissociate it from the 
cuticle. Despite the fact that incubation with B-ME is very 
efficient in solubilizing the cuticle proteins (Cox et al., 1981c), it 
could also be detrimental to the collagenase activity.
The substrate gels were performed using collagen 
copolymerised in the polyacrylamide gel instead of the more 
common substrate gelatin, ensuring a high degree of specificity 
in the assays. Only collagenases have the ability to cleave intact,
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fibrillar collagen. Once the higher order structure is destroyed, 
however, many proteases, including other metalloproteases, can 
degrade the denatured collagen/gelatin substrates (Matrisian, 
1992). The assays performed using casein-containing substrate 
gels indicated that the enzyme present in C. elegans had no 
activity against this substrate. Together, these results suggested 
that the collagenolytic activity found associated with the cuticle 
m aterial in C. elegans could represent a true collagenase.
Considering that the collagenolytic activity detected in 
C. elegans is associated exclusively with the cuticle material, 
and since most of the proteins in the cuticle are collagens, some 
kind of regulation of the enzyme activity must exist so that 
substrate degradation would occur in a controllable way. Such a 
mechanism could be the post-translational regulation controlling 
the activity of metalloproteases which has been described in 
higher eukaryotes and Paracentrotus llvidus (sea urchin). In this 
mechanism, known as the cysteine switch hypothesis (Nagase et 
al., 1990; Springman etal., 1990), the cysteine residue present 
in the activation site is coordinated to the active-site Zinc atom 
and the disruption of this interaction by physical or chemical 
means is the first step in the activation of these enzymes. 
Recently, Salowe eta l. (1992) demonstrated the existence of a 
Zinc-Sulphur coordination in the pro-enzyme of Stromelysin, the 
first experimental evidence that the mechanism proposed by the 
cysteine switch hypothesis is possible.
If  a mechanism similar to the cysteine switch could be 
in operation in C. elegans, it might be predicted that there would 
be conservation of amino acids not only in the active centre of 
the enzyme, but also in an activation site sim ilar to that
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described for other metalloproteases.
Based on the assumption that the putative 
metalloprotease activity detected in C. elegans could have the 
same conservation at the primary structure level as that found 
in equivalent enzymes from other organisms, two 
oligonucleotides, specific for these conserved sites, were 
designed. However, due to the presence of amino acids with 
highly degenerate codons in these sites, the oligonucleotides had 
to incorporate inosine in some positions, reducing their 
specificities. When used in PCR experiments, these 
oligonucleotides were able to amplify the expected product when 
the plasmid containing the cloned sea urchin collagenase was 
used as target DNA. However, no product was amplified when 
human or sea urchin genomic DNA was used. Also, these 
primers failed to detect specific fragments containing 
homologous sequences when used to probe Southern blots 
containing human and sea urchin DNA. Presumably, the 
reduced specificity prevented the hybridization to the 
corresponding sequences in the target DNAs.
An alternative approach for cloning the putative 
C. elegans collagenase would be screening a cDNA expression 
libraiy using antibodies. This experimental approach has been 
successfully used for cloning the sea urchin collagenase, using 
polyclonal antibodies raised against the purified enzyme to 
screen a Xgtl 1 libraiy (Lepage and Gache, 1990). Presumably, 
being polyclonal these antibodies could recognize some common 
epitopes in the putative C. elegans enzyme and could also be 
used for detecting the C. elegans enzyme.
It  remainsto be determined, however, if  the detected
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collagenase activity associated with the cuticle of C. elegans 
plays any role in the moulting process. Nevertheless, the idea 
that some enzymatic degradation of the old cuticle takes place 
and in some way helps the process of shedding seems to be a 
reasonable assumption. The molecular cloning of the putative 
collagenase from C. elegans would be the first step towards 
elucidating its functions and whether it could be involved in the 
moulting process.
4.2. The molecular cloning of a sequence potentially 
encoding a mucin-like protein.
Transposon tagging was the procedure used for cloning 
the dpy-6 gene from C. elegans. This approach has been 
successfully used to clone a number of C. elegans genes 
including unc-22 (Moerman et al., 1986), dpg-13 (von Mende et 
al., 1988), lln -12 (Greenwald, 1985), fem-S  (Rosenquist and 
Kimble, 1988), sqt-1 (Kram ere ta l., 1988), mec-3 (Way and 
Chalfie, 1988) and unc-1 (Starich eta l., 1993) among others.
The strain used, DR 1013, is a m utator strain where, 
following a spontaneous transposition event, a Tel transposon is 
disrupting the dpy-6 gene activity. After replacing the DR1013 
chromosomal background with N2 chromosomes, a single Tel 
insertion was found associated with the dumpy phenotype. This 
Tel insertion was located in a 9.5 kb EcoRI fragment, which 
physically maps to a region in chromosome X  of C. elegans 
corresponding to the genetic map position of the dpy-6 gene. 
Also, P. Albert (personal communication) had previously
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mapped, by complementation crossings, the Te l transposon 
tagged gene to the dpy-6 locus. Both results, the physical 
mapping and the complementation analysis, suggested that the 
tagged gene was dpy-6.
However, the cosmid containing the wild-type 7.9 kb 
EcoRI fragment equivalent to the Tel tagged allele failed to 
rescue the dumpy phenotype of CB14 [dpy-6(e 14)] and WT-C 
[dpy-6(m445)] animals when used in transformation 
experiments. One possible explanation for this result could be 
that the cosmids used in the microinjections contained small 
deletions or other rearrangements. The occurrence of deletions 
in cosmid preparations is not uncommon and this has been 
shown to be the case in failed attempts to rescue the gene par-2 
(D. Levitan, C. Mello and D. Stinchcomb, personal 
communication*). Also, H. Browning and S. Strome (personal 
communication2) suggested that deletions or rearrangements in 
cosmids could be the reason for failed attempts to rescue the 
gene spe- 11 using cosmids spanning the region where the gene 
was located. One viable alternative to avoid the problems with  
deletions in cosmids would be by using YACs in the 
microinjections. A disadvantage in using YACs for phenotype 
rescue is that, due to their large size, several genes could be 
included in the cloned fragment, making it difficult to establish 
the precise identity of the gene being rescued. Also, attempts to 
rescue the phenotype could be performed by first isolating the 
corresponding wild-type gene from a genomic library and using
* Worm Breeder's Gazette, 11(1):20, September/1989.
2 Worm Breeder's Gazette, 12(3):41, June/1992.
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It in the microinjections. Another distinct possibility that cannot 
be ruled out based on the results is that the tagged gene is not 
dpy-6, but a closely-linked gene.
The analysis of the cloned sequence suggested that an 
entire coding sequence had been cloned. An ORF of 1857 bp was 
found, with the Tel transposon inserted approximately in the 
middle. This putative coding sequence is flanked by sequences 
similar to regulatory elements described for other C. elegans 
genes.
Located 41 bp upstream of the putative start codon 
there is the sequence TATATT, which is very sim ilar to the TATA 
box consensus sequence. The location of this sequence is 
comparable to that of the TATA box found in C. elegans 
vitellogenin genes. In these genes, a homologous sequence is 
found 39 to 42 bp upstream of the start codon, depending on the 
particular vit gene (Spieth et al., 1985).
A sequence identical to VPE13, also from vitellogenin 
genes, is found 54 bp upstream of the putative start codon. This 
promoter element, which is similar to the mammalian CCAAT 
box, has been shown to have a regulatory function in the 
expression of the vitellogenin vit-2 gene (MacMorris eta l., 1992). 
A 247 bp segment of vit-2 5'-flanking DNA is sufficient for 
correctly regulated, high-level expression of this gene. It has 
been demonstrated that the VPE1 immediately upstream from 
the TATA box is the most conserved of these elements, in terms 
of sequence and location, in all of the vit genes (Spieth etal., 
1985). They are located at 57 bp (uif-1), 58 bp (vit-2), 59 bp
^ vit promoter element, which has the consensus sequence TGTCAAT.
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{vit-4) and 58 bp (uft-5) from the start codon. A 2-bp change in 
this promoter element (changing it to TGGCCAAT), by 
site-directed mutagenesis, completely eliminated promoter 
function.
However, no homology to the VPE2 consensus 
sequence (CTGATAA) was found. This second promoter element 
found in vitellogenin genes is identical to the binding site for the 
mammalian erythrocyte-specific transcriptional activator 
GATA-1 (Orkin, 1990) and has also been found upstream of the 
TATA box of the major sperm protein from C. elegans (Klass et 
al., 1988), in a region required for intestine-specific expression of 
the C. elegans gut esterase gene ges-l (Aamodt eta l., 1991), and 
just upstream of the C. elegans tra-2 gene required for correct 
sex determination (Okkema and Kimble, 1991).
In vitellogenin genes, both promoters elements, VPE1 
and VPE2, function as activating sequences, suggesting that 
they are binding sites for activator proteins. Mutations in some 
of these elements always result in variable reductions in 
expression levels. None of the VPEs act like repressor-binding 
sites, since mutations in these elements do not cause an 
increase in gene expression. Also, they do not appear to be 
involved in tissue, stage or sex-specific regulation of expression.
Together, the presence of sequences homologous to the 
TATA box and VPE1 promoter element of C. elegans, located in 
similar places upstream of the methionine codon, is suggestive 
that they could represent functioned promoter elements in the 
putative gene.
However, when lacZ translational fusions including 
these sequences were microinjected into N2 animals, no
136
expression of the fusion protein could be detected by staining 
with X-Gal. Two different constructs were tested. The first 
included about 200 bp upstream of the putative start codon and 
the second included more than 2.5 kb of DNA. In the case of the 
smaller construct it could be argued that it did not include 
enough upstream sequences to drive expression of the lacZ 
fusion protein. However, considering the promoter structure 
described for other C. elegans genes (Xue et al., 1992; Aamodt et 
al., 1991) and the size of the larger construct, it would be 
expected that all the required elements of a functional promoter 
should be included in it. Another possible explanation for the 
failure in detecting nuclei staining, other them that the upstream  
sequences do not contain a functional promoter, is that since 
they were cloned from PCR amplified products they could 
include mutations impairing the promoter activity. This could 
have been the case since DNA from a single construct for each 
plasmid was used in the microinjections. The translational 
fusions were constructed including only the first three amino 
acids of the putative protein. This would avoid the inclusion of 
the putative signal sequence in the fusion proteins and the 
potential for being secreted. However, secretion cannot be 
excluded, which would cause a lack of detectable X-Gal staining.
The nucleotide sequence downstream of the putative 
stop codon of the ORF contains a sequence identical to the 
classical polyadenylation signal present in other eukaryotes. 
Apart from this sequence, other putative polyadenylation signals 
are also present. Recently, T. Blumenthal, O. White and
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C. Fields (personal communication4) examined cDNA sequences 
from about 1300 different C. elegans genes and proposed that 
almost 44% of these genes could use polyadenylation signals 
alternative to the consensus. The most frequently found 
sequences were AATGAA (8.3%), TATAAA (7.4%), CATAAA (5%) 
and GATAAA (4.8%). Other variations in the consensus signal, 
containing a 1-base mismatch, were also found. For some of the 
genes analysed no putative polyadenylation signal was found.
The ORF is interrupted by what seems to be an intron, 
186 bp in length. The suggestion that this sequence could be an 
intron comes from two structural features. First, the putative 
intron is flanked by sequences similar to the consensus splice 
acceptor and donor sites described in C. elegans. These sites are 
situated in such a way that excision of the putative intron would 
m aintain the reading frame. Second, the amino acid composition 
deduced from the putative intron is considerably different from  
that of the rest of the ORF. As w ill be discussed later, the region 
of the putative protein adjacent to the intron has a peculiar 
primary structure, with the presence of a series of amino acid 
repeats with a characteristic composition, which is completely 
absent from the sequence translated from the putative intron.
The amino acid sequence translated from the putative 
coding sequence is similar to that of m ucin-like proteins. Mucin 
glycoproteins are expressed by a wide variety of epithelial tissues 
where they serve as a protective layer covering the plasma 
membrane. They have also recently been identified in the cell 
membrane of Trypanosoma crnzi, where they are sialylated and
4 Worm Breeder's Gazette, 13(l):62-63, October/1993.
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participate in the process of mammalian cell invasion 
(Schenkman et al., 1993; Schenkman and Eichinger, 1993).
Mucin and mucin-like proteins are a subclass of 
glycoproteins, which are characterized by two main features: 
first, a high percentage of their weight consists of 
oligosaccharides, O-linked to serine or threonine residues in the 
polypeptide backbone, and second, the protein backbone 
contains a number of repeating sequences, including virtually all 
the O-linked oligosaccharide attachment sites (Strous and 
Dekker, 1992; Rose, 1992; Devine and McKenzie, 1992). Some 
mucin polypeptides are also N-glycosylated (Hilkens and Buijs, 
1988; Amerongen eta l., 1987; Dekker etal., 1989), most 
probably in the N- and C-terminus, outside the repetitive region. 
Asparagine residues in glycoproteins are only N-glycosylated if  
they are part of the consensus sequence NXS or NXT, where X  
can be any amino acid except proline and aspartic acid 
(Marshall, 1972).
A further subdivision of m ucin-like glycoproteins is of 
potential importance for their function: there are secretory and 
membrane-bound types.
The secretory mucin-like glycoproteins are 
characterized by the presence of cysteine-rich domains. These 
domains are thought to be responsible for oligomerization via 
interchain disulfide bridges (Dekker and Strous, 1990). This 
process is supposed to be important for the gaining of viscous 
gel-forming properties of secreted mucins. A mainly linear 
assembly is thought to occur end-to-end (Dekker et aZ., 1991; 
Strous and Dekker, 1992), but polymerization via non-mucin 
"link" proteins has also been suggested (Allen, 1983).
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The membrane-bound type of mucins have a 
hydrophobic stretch of amino acid residues anchoring the long 
filamentous molecules in the plasma membrane. This class of 
mucins probably lack intermolecular disulfide bridges and their 
functions are less well understood, but they could have a role in 
cell adhesion and recognition. For pancreatic and mammary 
mucins, it has been shown that no cysteine residues are present 
in the polypeptide extending from the cell surface; any cysteine 
residues are present in the region of the protein spanning the 
lipid bilayer (Gendler et al., 1990; Ligtenberg et al., 1990; Lan et 
al., 1990).
Recently, Lasky eta l. (1992) have identified a novel, 
atypical human endothelial m ucin-like peptide which, despite 
the characteristic high serine and threonine content, contains 
neither the repetitive motifs nor the cysteine-rich domains and 
hydrophobic transmembrane segment. They have proposed that 
this molecule could be incorporated into the glycocalyx as a 
peripheral membrane protein by association with a 
transmembrane component or attachment could be achieved by 
oligomerization of the C-terminal amphipathic helical regions 
and insertion of these regions into the membranes so that the 
polar regions interact with each other to form an oligomer and 
the apolar faces of the helices interact with the lipid bilayer.
The sequence analysis of the putative protein from  
C. elegans is very suggestive of a mucin-like glycoprotein. It  has 
the characteristic tandem repeats found in the mucin sequences. 
These repeats, which in most of the mucins analysed are rich in 
threonine and serine residues interspersed by proline residues, 
are arranged in tandem near the amino-terminus of the protein
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and have been shown to vary considerably between mucins of 
different species and also between different mucins of the same 
species.
The repeats present in the deduced amino acid 
sequence from C. elegans have some sim ilarity with those from 
rat intestinal mucin (Gum et al., 1991). Like the rat mucin 
sequence, it has a tandem repeat unit which is six residues in 
length, threonine being the residue most frequently found in the 
first three positions of the repeat unit. Similarly, some mucin 
sequences also have this stretch of three or more threonine 
residues in the repeat unit. The last three residues in the repeat 
unit are less conserved, but glutamic acid in positions 4 and 5, 
and proline in the last position are the most frequent residues. 
The last two residues in the repeat units are the least conserved 
of all. This is due to lack of conservation in the first nucleotide 
position of this codon. The nucleotide frequencies in these codon 
positions are comparable to those in the third position of the 
first four codons in the repeat units. Gum et al. (1991) found a 
similar situation in one codon of the rat mucin repeat. They 
proposed two possible explanations for this phenomenon that 
could also be applied for the C. elegans putative gene. First, 
point mutations could have occurred in the primordial gene at a 
time when only a few tandem repeats were present. Then, 
tandem repeats with different mutations would be propagated by 
gene duplications, resulting in the differences seen in the 
modem gene. Second, there is selective pressure keeping a 
combination of certain amino acids in this positions (E and K in 
position 5; P and S in position 6).
The region in the putative protein corresponding to the
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repeat units would constitute the sites for O-glycosylation. Also, 
N-glycosylation could occur at two sites located at positions 489 
and 595 in the amino acid sequence. It is worth noting that 
these two possible sites for N-glycosylation are located outside 
the tandem repeats.
Two other motifs found in the deduced amino acid 
sequence from C. elegans are also present in other mucin 
sequences. The m otif AVAA is found in the human polymorphic 
epithelial mucin and in the Xenopus laevis integumentary mucin 
FIM-C. 1. The m otif DISK is found in the Xenopus laevis 
integumentary mucin F IM -B .l. However, these motifs are not 
found in any other mucin sequences and their significance has 
not been determined.
There are no cysteine-rich domains present in the 
deduced amino acid sequence from C. elegans. In  fact, the 
sequence is devoid of any cysteine residues. This lack of cysteine 
residues indicates that mechanisms involving oligomerization via 
disulfide bonds could not occur. Also, there is neither any long 
stretch of hydrophobic amino acids that could function as a 
transmembrane domain for anchoring the protein nor any 
amphipathic helix closer to the carboxi-terminus that could 
serve sim ilar function.
The putative protein from C. elegans could resemble 
the "surface-associated" proteins and glycoproteins, which are 
easily solubilized and can be dissociated from the cuticle without 
disulfide reduction. Its mucin-like structure and a possible 
association with the dumpy phenotype is suggestive that it could 
form part of the C. elegans cuticle structure.
Zuckerman et al. (1979) have partially characterized
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the cuticle surface carbohydrates from C. briggsae and 
C. elegans and found the presence of galactose, glucose, 
mannose, and N-acetylglucosamine on the exposed surface. They 
have found also an apparent absence of digestible glycoproteins, 
as suggested by the results of protease digestion studies. 
However, they have suggested that this could be due to the 
presence of the surface coat.
More recently, glycoproteins have been demonstrated 
to form part of the C. elegans cuticle and that alterations in their 
expression could lead to abnormalities in the cuticle.
Using a monoclonal antibody, Hemmer et al. (1991) 
have detected a stage-specific antigen on the surface of the first 
larval stage (L I) of C. elegans that was sensitive to digestion by 
pronase and O-glycanase, suggesting that this antigen is an 
O-linked glycoprotein. In two C. elegans mutants, sif-2 and 
srf-3, the antigen is not detected on the surface of animals from 
any larval stage (Politz etal., 1990). The sif-2 and sif-3  
phenotypes appear to be loss of a stage-specific antigenic 
determinant. Another mutation, srf-(yj43), caused the antigen to 
be expressed on the surface of the first through the fourth (L4) 
larval stages. Politz et al. (1990) have suggested that this 
phenotype could result either from failure to down-regulate 
LI-specific antigen expression at later stages or persistence of 
the synthesized antigen. The antigen-defective phenotype of sif-3 
was epistatic to the heterochronic m utant phenotype of sif-{yj43) 
in immunofluorescence tests of the sif-3/sif-{y]43) double 
m utant, suggesting that sr/-(yj43) causes incorrect regulation of 
a pathway of antigen formation that requires wild-type sif-3 
activity. None of these mutations caused any striking alterations
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in overall morphology. However, another set of s if  genes [sif-A, 
sif-8  and sfr-9), Identified by ectopic surface binding of the 
lectins wheat germ agglutinin and soybean agglutinin (Link et 
al., 1992), showed pleiotropic phenotypes which included an 
abnormal male copulatory bursae, defective egg-laying, 
uncoordinated movement, and gonadal defects. They suggested 
that merely an altered cuticle could not account for all the 
abnormalities observed, and that a possible alteration in 
hypodermal function could be involved. These three loci could 
affect a single pathway involved in cell-cell interaction or cell 
positional information, perhaps through a defect in glycosylation 
of extracellular m atrix components.
Blaxter (1993), analysing the molecular components of 
the surface of C. elegans by radioiodination has identified a 
single, non-collagenous, hydrophobic protein which is not 
glycosylated and is a heterodimer of 6.5 kDa and 12 kDa 
subunits. Surface iodination of rol-65 animals did not reveal any 
differences from the N2 wild-type strain. However, iodination of 
dpy-36 mutants resulted in very low levels of incorporation, the 
heterodimer being faintly detectable. Also, as the heterodimer 
was absent from the previously mentioned srf-4, sif-8 and sif-9 
mutants, one might speculate that an alteration in the 
expression of glycoproteins in the C. elegans cuticle could have 
some effect on the expression, processing or assembling of other 
cuticular proteins.
Another example of the presence of glycoproteins in the
^the rol-6 gene has been determined to be a cuticular collagen (Kramer et al., 1990).
® the nature of the mutation in the dpy-3 gene (Brenner, 1974) has not been determined.
cuticle of nematodes has been found in Toxocara canis. Page et 
al. (1992) have identified a labile antigenic surface coat covering 
the epicuticle of infective larvae. From observations by 
electron-microscopy, this coat seems to be similar to that 
described by Zuckerman etal. (1979) for C. elegans. The major 
antigen associated with this coat is a glycoprotein of 120 kDa 
(TES-120), which is known to be extensively glycosylated (Meghji 
and Maizels, 1986). The mucin-like nature of this coat 
component was further suggested by a high incorporation of 
14C-labelled serine and threonine into TES-120 (Page and 
Maizels, 1992). Recently, D. Gems and R. Maizels (personal 
communication7) cloned the gene encoding TES-120. The 
encoded product can be divided into three different parts: a 16 
amino acid residue N-terminal hydrophobic signal peptide; an 86 
amino acid residue mucin-like serine/threonine-rich domain; 
and a C-terminal cysteine-rich domain. The mucin-like domain 
contains 72.1% serine and threonine residues, largely contained 
in a number of repeats of the consensus sequence STSSSSA.
Considering the structural similarities of the putative 
protein from C. elegans with mucin glycoproteins, it is 
conceivable that it could represent a cuticular mucin-like 
protein. Such a protein could either form part of the cuticle 
structure or be located on the surface of hypodermal cells, 
interacting with proteins in the basal zone of the cuticle. One 
point that needs further elucidation is whether this putative 
protein is encoded by the dpy-6 gene. However, it is feasible that 
the altered expression of a cuticular glycoprotein could as a
7Worm Breeder's Gazette, 13(1):83, October/1993.
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result cause a disruption in the organization of the cuticle and 
consequently induce a dumpy phenotype. Also, despite the fact 
that the identity of the Tc 1 tagged gene has not been definitely 
established to be dpy-6, the results indicate that the isolated 
Tel insertion, w ith the consequent disruption of the putative 
mucin-like gene, is associated with the dumpy phenotype. 
Nevertheless, one could speculate that the putative C. elegans 
mucin-like protein is part of the surface coat overlaying the 
epicuticle, in which case a direct correlation with the dumpy 
phenotype would be much less apparent.
One conceivable way of clarifying the possible role of 
the putative m ucin-like protein from C. elegans in the cuticle 
structure would be by using antibodies as probes for identifying 
its location in purified cuticles or in intact animals.
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